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Abstract 
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Barbara M. Reed 
Corylus avellana  L. is a global commodity and a valuable crop for the U.S. Pacific 
Northwest. A tremendous amount of work has been put into the development of healthy disease 
free, high yielding and tasty hazelnuts for the in-shell and confectionary markets. Clonal 
propagation is required to provide nursery trees of these improved hazelnut cultivars.  The rapid 
multiplication provided by micropropagation methods is an  important  part of meeting the 
demand. One challenge of hazelnuts micropropagation is the wide variation in growth response 
among the cultivars. The studies described in this thesis were involved in improving the mineral 
nutrients in the growth medium and to better determine culture initiation procedures. 
The first study was designed to determine what mineral nutrients are driving C. avellana 
in vitro shoot growth using a response surface design. Hazelnut genotypes ‘Dorris,’ ‘Felix,’ 
‘Jefferson’, OSU 880.054, and ‘Sacajawea’ were used.  Driver and Kuniyuki Walnut medium 
(DKW) mineral nutrients were separated into five factors: NH4NO3, Ca(NO3)2, mesos (MgSO4 
and KH2PO4), K2SO4, and minor nutrients (B, Cu, Mn, Mo, and Zn). The concentrations ranged 
from 0.5x to 2.0x the standard DKW concentrations with 33 treatments for use in modeling. 
Multifactor response surface analysis projected that optimum shoot proliferation  was greatly 
influenced by the NH4NO3 to Ca(NO3)2 ratios, mesos, and minors. These factors were important 
to overall quality and shoot length for all genotypes. Improved shoot quality was observed with 
increased Ca(NO3)2, mesos, and minors for most of the cultivars tested. For ‘Sacajawea’ only the 
mesos  components significantly improved shoot quality. Lower  Ca(NO3)2  improved shoot 
multiplication while higher amounts increased shoot length for most cultivars. New media 
formulations will require higher Ca(NO3)2, mesos and minors as well as changes in the NH4NO3 
to Ca(NO3)2 ratios. 
The second study determined the effects of individual minor-mineral nutrients including 
nickel on hazelnut shoot growth. Three hazelnut cultivars ‘Dorris,’ ‘Jefferson,’ and ‘Sacajawea’ were used. Six factors at 0.5x to 4.0x DKW concentrations, H3BO3, CuSO4, MnSO4, Na2MoO4, 
Zn(NO3)2, and NiSO4, were tested in a response surface design with 39 treatment combinations. 
Ni, not present in DKW, ranged from 0 to 6 µM. Higher concentrations (4x) of B, Mo, and Zn 
increased overall shoot quality, length and multiplication. There were many significant 
interactions. High B concentrations significantly improved shoot quality for ‘Jefferson’; shoot 
quality, length and number for ‘Dorris’; and shoot length and number for ‘Sacajawea’. Increased 
Mo improved some responses for each cultivar, and  it also interacted with Cu and Zn. 
Interactions of Ni with other minor nutrients resulted in improved shoot quality and length in 
‘Sacajawea.’ Ni interactions were significant for the other cultivars as well, altered the 
requirements for other nutrients, but did not necessarily improve the overall shoot response. 
Improved growth and shoot quality in ‘Dorris’ and ‘Jefferson’ required increased amounts of B, 
Mo, and Zn; ‘Sacajawea’ required increased B, Cu, Zn, and Ni. The diverse responses of these 
cultivars further confirmed that nutrient uptake or utilization was genotype dependent. 
Hazelnuts  are generally difficult to initiate into culture due to internal microbial 
contaminants and a general lack of viability of the explants. The third study was designed to 
determine the effect of nodal position and collection techniques on the viability and 
contamination of shoot explants. Explants were collected from scion wood grafted onto seedling 
rootstocks and grown in the greenhouse. Single-node explants were collected from different 
locations on the scion wood. After surface sterilization, explants were first held in a liquid 
contaminant-detection medium for one week and the effect on explant viability was evaluated. 
Node position influenced the number of  viable contaminant-free explants. Bacterial 
contamination increased with the distance from the shoot tip. The use of liquid detection medium 
as a part of the initiation procedure did not affect viability. Bacteria sampled from surface 
sterilized explants were identified as Brevundimonas vesicularis, Brevundimonas sp., and two 
Pseudomonas sp., by 16S ribosomal DNA sequences and API
® 20CHB tests. The best procedure 
for collecting axenic, viable hazelnut explants was to collect from the first three nodes of 
actively-growing greenhouse plants and use detection medium to identify contaminant-free tissue.  
As a result of these studies several suggested  growth media formulations are now 
available for use that may produce improved hazelnut shoot quality, multiplication and elongation 
for a wide range of C. avellana genotypes. Two base macro nutrient formulations, Hazelnut A 
and B, are likely to be suitable for many genotypes. Three micronutrient formulations provide 
options for growth of difficult genotypes with and without Ni. Continued optimization and testing 
of mesos and N components are needed for final medium formulations.   
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Improving Initiation and Mineral Nutrition for Hazelnut (Corylus avellana) Micropropagation 
Chapter 1 
Introduction and Literature Review 
European Hazelnut 
The genus Corylus is in the Betulaceae or birch family with 13-15 species, all of which 
produce edible nuts and are diploid with 2n = 2x = 22 chromosomes. Hazelnuts are monecious 
with separate male and female flowers on the same tree. Male flowers are catkins and the female 
flowers form a pistillate flower cluster. Corylus plants are self-incompatible, so cross pollination 
is required to produce nuts (Thompson et al., 1996). C. avellana, the European hazelnut, grows 
naturally as a bush or multi-stemmed shrub and is found in the understory of deciduous forests. 
Flowering occurs during mid-winter. Depending on the cultivar, first bud-break begins in early 
February and ends in mid-April. Leaf fall (onset to dormancy) ranges over an eight week period 
from the last week in October to the third week in December (Thompson et al., 1996).   
Hazelnuts are considered a specialty crop and are the world’s second leading temperate 
tree nut behind the almond. Turkey is the number one producer of hazelnuts with about 58% of 
the world supply followed by, Italy 29%, U.S.  7.5% Azerbaijan 7.1% and Georgia 6.7% 
(FAOSTAT, faostat.fao.org). Oregon produces most of the U.S. hazelnut production.  In 2010, 
Oregon produced 28,000 MT of hazelnuts (Oregon Agripedia, 2011). C. avellana is the major 
species grown for commercial production and was cultivated over many centuries in the 
Mediterranean and much earlier in the Black Sea regions of Turkey. Comparison of C. avellana 
cultivars DNA using simple sequence repeat primers showed a large amount of genetic diversity 
(Gokirmak et al., 2009).  Wild  C. avellana  have been used throughout many centuries of 
agriculture (Thompson et al., 1996). As a result, C. avellana was developed into cultivars with 
high quality and high yield. 
Hazelnuts can grow in many climate zones but do best in maritime zones. Maritime zones 
usually have moderate winters and summers  due to the proximity of a large body of water. 
Corylus avellana grows very well in the Willamette Valley with its moderate climate buffered by 
the Pacific Ocean. In Europe, C. avellana  cultivars are commercially grown throughout the 
Mediterranean and Black Sea areas.    
Ninety eight  percent of US hazelnut  production is located  in the Pacific Northwest, 
especially in Oregon. Eastern filbert blight has become widespread in the region and is the major 2 
 
challenge to continuing hazelnut production in Oregon. New resistant selections and cultivars 
developed by the breeding program at Oregon State University are now available and in use 
(McCluskey et al., 2009). Hazelnut propagation has always been challenging, and often limits the 
availability of these new resistant cultivars. Layering is the conventional method for hazelnut 
propagation (Rodriguez et al., 1989). Other means of propagation can be achieved with grafting 
(Cerović S, 2009)  and soft wood cuttings (Contessa et al., 2012). Micropropagation, an option to 
rapidly produce hazelnut trees, still has some drawbacks.  
Hazelnut micropropagation 
The advantages of micropropagation are: can be performed throughout the  year, 
maintains clonal characteristics, compatible for biotechnology research, limits disease, plantlets 
are convenient to distribute, and plantlets can meet quarantine restrictions. In vitro propagation of 
hazelnuts was first achieved from embryos (Radojevic et al., 1975). Since then research has 
documented protocols for hazelnut tissue culture using various plant materials and media.  
Initiation 
Initiation  of cultivars for hazelnut micropropagation is done using actively growing 
meristematic tissue. Plant tissues removed from a mother plant and transferred to tissue culture 
are called explants. The plant source influences successful initiation. Healthy young plants or 
suckers are juvenile in their characteristics and tend to grow better in culture; older plants often 
do not respond to culture conditions. More active growing shoots tend to adapt well to culture. 
Younger hazelnut plants such as embryogenic tissue or seedlings are easier to use for culture 
establishment compared to adult tree suckers (Al Kai et al., 1984; Anderson, 1984; Perez et al., 
1987; Rodriguez et al., 1988).  
When propagating hazelnut cultivars, collection tissue must come from clonal materials, 
and therefore, seedlings cannot be used.  Mature tissues also have associated difficulties such as 
limited active growth and presence of associated microbes. Research has been done to try to limit 
these complications. If materials are not properly surface sterilized, microbes can significantly 
decrease initiation success (Rodriguez et al., 1989). Anderson (1984) initiated tissue culture of 
seedlings without problems, but found when using mature plant materials of ‘Daviana’ there was 
90% contamination.  
Several  protocols and procedures were  developed  for micropropagation with various 
initiation successes. C. avellana was established from scion wood and suckers directly from the 3 
 
field (Yu and Reed, 1995), layered (Messeguer and Mele, 1983; Perez et al., 1987) and grafted 
trees (Yu and Reed, 1995), and forced scion wood (Diaz Sala et al., 1990; Nas, 2004; Yu and 
Reed, 1995). 
There are many procedural options for hazelnut explant surface sterilization.  Surface 
sterilization procedures can start with washing branch cuttings in antibacterial soap and rinsing 
with tap water for 30 min after leaves are trimmed off (Bacchetta et al., 2008; Yu and Reed, 
1995).    Often branches are cut into single node segments and immersed in a 10-20% chlorine 
bleach (6% active chlorine) with a few drops of a surfactant (Tween-20) and shaken for 10-30 
min, followed by two to three sterile water rinses (Bassil et al., 1992; Messeguer and Mele, 1983; 
Nas, 2004; Yu and Reed, 1995).  A 70-95% ethanol dip for 30 s to 5 min can be used prior to 
bleaching (Bacchetta et al., 2008; Nas, 2004). Although ethanol may decrease contamination, it 
also can increase the formation of phenolics and browning of hazelnut buds (Bassil et al., 1992).  
Other  chemicals can  be  used for sterilization.  Damiano et al. (2005), had a 60% successful 
sterilization rate from axillary buds using 0.8% NaOCl (20’) + 0.05% Na merthiolate plus one 
drop of Tween 80. Bacchetta et al. (2008) found that 0.05% Na-merthiolate for 10 min was more 
effective than chloride bleach for sterilizing hazelnut explants.  
Growing hazelnuts in a clean environment can increase explant success (Bacchetta et al., 
2008;  Messeguer and Mele, 1983;  Yu and Reed, 1995).  Bacchetta et al. (2008)  found that 
growing healthy plants in pots (natural light, fertilized, pruned, and treated with fungicides) 
decreases contamination by about 20-30% compared to field collected material. Yu and Reed 
(1995)  had success with shoots grafted on rootstocks and were grown in the greenhouse. Perez et 
al. (1987), had 70% clean explants when vegetative shoots of 12-month-old greenhouse grown 
‘Negret’ plants were sampled. 
Field-grown unpruned mature hybrid C. americana x C. avellana hazelnut genotypes 
were used as explants by Nas (2004). Dormant twigs (35-45 cm long) were forced by immersing 
the basal end of the twigs in forcing solution (Yang et al., 1986) containing hydroxyquinoline 
citrate at 200 mg·L
-1  plus 2% sucrose plus gibberellic acid (GA3) at 10 mg·L
-1.  Explant 
contamination rates varied from 30-90% depending on genotype. Diaz Sala et al. (1990) had 80% 
explant viability from forced hazelnut material. Diaz Sala et al. (1990) used ‘Tonda Gentille Delle 
Langhe’ branches collected from the field in the winter and then stored in a cold room for three 
months.   
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Size and Season of Collecting 
The size of the explants and the time of the year they are collected should be considered. 
Nodal diameter of hazelnut can influence explant success.  Explants with a diameter of ≥4 mm 
had a better chance of establishment. (Diaz Sala et al., 1990;  Messeguer and Mele, 1983). 
Bacchetta et al. (2005) used 15 Italian cultivars of C. avellana to test three in vitro initiation 
times: buds collected in the greenhouse during winter and spring, and forced outgrowth. Suckers 
from the field were potted up and grown in greenhouse. They found that the best quality in vitro 
growth was from explants sampled in the spring. When forced, the genotypes grew new shoots 
and leaves but only two were successfully established in culture. Yu and Reed (1995) found that 
sampling explants earlier in the growing season produced more explants. Grafted ‘Dundee,’ 
‘Newberg,’ and ‘Willamette’ grown in the greenhouse and sampled in March produced more 
successful explant initiation compared to explants taken in May and July. Messeguer and Mele 
(1983)  found that explants collected in autumn produced more viable shoot than explants 
collected in the spring. This could have been due to autumn explants having  larger  average 
diameters than that of spring samples. They found explants less than 1.5 mm diameter did not 
grow. The opposite was seen by Yu and Reed (1995) who found it difficult to sample late in the 
season due to the onset of dormancy producing unresponsive buds in September.  
 
Contamination 
Microbial contamination and the toxic effects of over sterilization are problems with 
achieving viable explants. Hazelnuts grown in a controlled environment such as a greenhouse can 
be easier to establish into culture compared to sampling directly from the field. “It seems 
advisable to keep mother plants in a protected greenhouse and subjected to a phytosanitary 
program” (Messeguer and Mele, 1983). Mother plants grown in a protected greenhouse are less 
contaminated by pathogens (Bacchetta et al., 2008; Messeguer and Mele, 1983; Yu and Reed, 
1995).  Bacteria and fungi are common contaminants that limit success of explants. Time of the 
year is a factor effecting contamination rates. Internal contamination is more common in slowly 
growing shoots than those  with rapid elongation. The growing season and weather patterns 
influence contamination, Yu and Reed (1995)  related high rainfall in June to higher 
contamination from the field. 
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Juvenility 
The change from juvenile to adult in woody plants affects the growth habit of the 
explants. Juvenile materials are  easier to establish into culture than adult material. The 
“morphogenic capacity” of hazelnut explants decrease with age (Rodriguez et al., 1988). 
Hazelnut age and rejuvenation could be related to levels of cytokinins (Fernandez et al., 1990). 
This can be overcome by using suckers (juvenile tissue) or by grafting on seedling rootstocks.  
Fernandez et al. (1990) ran biochemical tests comparing juvenile and adult C. avellana tissue. 
They found that actively growing forced shoots had higher levels of cytokinins than mature nodal 
shoots. 
There are ways to rejuvenate adult plant material. Rejuvenation can be done by grafting 
(Thorpe and Harry, 1990); repeated grafting of scion from mature tree onto seedling rootstocks 
increased juvenile material in Hevea, Eucalyptus, and Douglas fir. Yu and Reed (1995) found 
better success using grafted plants than sampling from upper adult branches and suckers from 
field trees of ‘Barcelona’ and ‘Gasaway.’ Dormant branches of the cultivars were sampled in 
December and stored at 4ºC, then grafted onto seedlings in January and grown out in a 
greenhouse. Depending on genotype and age, hazelnut scion growth can be too small to use as 
grafting material. Severe hedging or repeated pruning of trees can increase active growth and 
produce larger shoots (Thorpe and Harry, 1990). Suckers of adult hazelnut trees can be used for 
initiation, although this can be difficult due to contamination depending on seasonal weather 
conditions (Yu and Reed, 1995). Another approach to encourage juvenility is plant the use of 
growth regulators (PGR). Foliar sprays of cytokinins at low levels can be applied on branches 
intended for explants and produce  more active shoot growth and elongation.   
 
Growth Medium 
Developing proper ratios of nutrients and plant growth regulators for shoot growth in 
culture is important for initiation and multiplication from hazelnut explants. The key components 
of a medium are the basal salts used to supply  the macronutrients and micronutrients, plant 
growth regulators, and vitamins. 
 
Basal culture medium: Hazelnuts are cultured on a variety of media formulations. Most 
hazelnut basal-salt formulations are related to Driver-Kuniyuki Walnut (DKW) (Driver and 6 
 
Kuniyuki, 1984), Murashige & Skoog medium (Murashige and Skoog, 1962), and Woody Plant 
Medium (WPM) (McCown and Lloyd, 1981). A number of studies have attempted to improve 
growth media for hazelnut culture and multiplication (Al Kai et al., 1984;  Anderson, 1984; 
Damiano et al., 2005; Messeguer and Mele, 1983; Nas and Read, 2004; Perez et al., 1985; Yu and 
Reed, 1993). 
  Messeguer and Mele (1983) used a modified MS medium for clonal propagation of the 
hazelnut  ‘Negret’ for initiation by setting the macro and micronutrients at half strength. 
Anderson (1984) developed a modified MS culture medium for hazelnuts, which has 75% less 
NH4NO3  and  KNO3, replaced KH2PO4  with NaH2PO4, and modified iron and iodine 
concentrations.  C. avellana explants from seedlings had the greatest shoot proliferation on this 
modified MS when compared with MS and WPM. 
Al Kai et al. (1984) found good shoot multiplication with C. avellana seedlings using MS 
medium with Zuccherelli vitamins. Replacing FeEDTA with sequestrene 138 iron EDDHA (200 
mg∙L
-1) made the plants healthier and greener. For initiation and proliferation of shoots from 
forced branches of ‘Tonda Gentille Delle Langhe,’ Diaz Sala et al. (1990) used a modified MS 
medium that included MS salts with half-strength nitrates and with double strength calcium 
chloride and magnesium sulfate. The vitamins were kept constant except thiamine was increased 
to 0.4 m∙L
-1 and 2 mg∙L
-1 ascorbic acid was added. Perez et al. (1985) used a ½ strength Cheng’s 
mineral salts (Cheng, 1975) and per liter 0.25 mg thiamine, 0.25 g inositol, 30 g sucrose and 7 g 
bacto-agar for C. avellana shoot multiplication. This was only partially successful as only one 
shoot was produced from each lateral adult-bud explant for ‘Negret.’   
 Damiano et al. (2005) developed two basal media, one for the establishment stage and 
one for the multiplication stage for ‘Montebello’ and ‘Tonda Gentile Romana.’  For the 
establishment stage,  they recommend a basal medium  containing macronutrients  and minor 
nutrients from Perez-Tornero et al. (2000) in combination with the DKW organics. For successful 
establishment, they suggested lower levels of potassium, due to the low levels of potassium in the 
PT basal salts (1.25 mM) compared to potassium levels of DKW (19.84 mM) and WPM 
(12.61mM). For the multiplication stage, DKW and a combination of DKW and WPM they 
termed MOLT produced good rates of multiplication and shoot quality. The MOLT medium 
compared to DKW medium had about 15-25% lower salt concentrations (N, P, K, Ca, Mg). Yu 
and Reed (1993)  examined basal media and carbon sources to improve C. avellana  shoot 
multiplication. They tested ‘Tonda Gentile Romana’ and ‘Nonpareil’ with WPM, DKW, and 7 
 
Anderson’s medium, and found that optimum shoot multiplication of hazelnuts was achieved 
using DKW medium modified with 200 mg∙L
-1 of sequestrene 138 iron and 3% glucose at pH 
5.7.  
Nas and Read (2004), developed a hazelnut medium based on the chemical composition 
of C. avellana kernels and a combination of MS, DKW and WPM salts. They grew in vitro 
hybrid hazelnuts (C. americana x C. avellana) to compare this medium with MS, DKW, NN 
(Nitsch and Nitsch, 1969), and WPM salts. This new medium produced good explant growth and 
quality and was an “excellent medium for hazelnuts.” Several modifications from kernel nutrients 
were used as the amount of nitrogen in kernels was too high for tissue culture, so the average of 
MS, DKW, and WPM nitrogen (15-17% of that found in kernels) was used. Nas and Read (2004) 
used 100 mg∙L
-1of sequestrene 138 Fe as the iron source, MgSO4 was set at 1600 mg∙L
-1, and 
KH2PO4 at 1300 mg∙L
-1 which were much higher than MS, DKW or WPM. K2SO4 which is in 
DKW and WPM was excluded. Sulfur was provided by sulfate found in the four compounds with 
sulfur (CuSO4, MgSO4, MnSO4, and ZnSO4) used in the culture medium. The minor elements 
were relatively higher than in other media. H3BO3 was set the same as MS and WPM (6.2 mg∙L
-
1), which is a little higher than DKW. Copper levels in the kernels were too high for the medium 
and were set at MS levels (0.025 mg∙L
-1 CuSO4). They concluded that increasing Cu and myo-
inositol resulted in increased shoot length up to three fold and increased shoot number up to 93%. 
Hazelnuts grown with 2.55 mg∙L
-1 CuSO4∙5 plus 400 mg∙L
-1 myo-inositol produced about 35-
50mm length and about 5-7 axillary buds/shoot. When developing media for difficult plants Nas 
and Read (2004) recommend using 5-20% w/v of mineral and organic contents of seeds with 
slight modifications. 
Bacchetta et al. (2008) used a similar approach as Nas and Read (2004) to develop a 
hazelnut specific medium. Bacchetta et al. (2008) developed a modified MS medium called HM.  
They based their formulation from the anions and cations of MS salts in ratio with the 
concentrations of mineral elements from raw seeds of almond (Prunus dulcis) and hazelnuts (C. 
avellana).  In respect to MS, their HM medium had similar nitrogen levels, lower CaCl2 (190.46 
mg∙L
-1), MgSO4 (225.60 mg∙L
-1), and KH2PO4 (80.05 mg∙L
-1). They also included K2SO4 (73 
mg∙L
-1) which is not in MS medium. The HM microelements formulation in respect to MS 
medium, had increased H3BO3 (6.8 mg∙L
-1), MnSO4 (65.59 mg∙L
-1), and decreased ZnSO4 (2.57 
mg∙L
-1).  8 
 
Plant growth regulators: Plant growth regulators (PGR) influence plant growth and 
development. A number of studies attempted to optimize PGRs for in vitro hazelnut culture 
multiplication (Anderson, 1984; Bassil et al., 1992; Diaz Sala et al., 1990; Nas, 2004; Perez et al., 
1985;  Thomson and Deering, 2011;  Yu and Reed, 1993;  Yu and Reed, 1995).  In general 
N
6benzyladenine (BA) is the main cytokinin for the culture of hazelnuts and concentrations range 
from 1 to 25 µM. Thomson and Deering (2011)  studied the effect of cytokinin type and 
concentration of ‘Daviana’. They tested four cytokinins: kinetin, iso-pentenyladenine, zeatin, and 
BA using the base medium ‘Knoxfield2’. Knoxfield2 contained  components similar to the 
Anderson (1984) and Al Kai et al. (1984) and WPM (McCown and Lloyd, 1981). They found that 
22.2 µM BA was the most effective for initiating new shoots and increasing the growth of new 
shoots (3.8 shoots and 28.6 mm shoot length after 4 weeks). This compared with Yu and Reed 
(1993) BA concentrations 6.66-13.3 µM on modified DKW medium produced 3.3 shoots for 
‘Tonda Gentile Romana.’ Zeatin was found to be beneficial for the multiplication stage. 
Bacchetta et al. (2005) concluded that zeatin (2.85 µM) was better than BA for shoot elongation. 
Messeguer and Mele (1983) found 2.85 µM zeatin was more effective than 0.85 µM BA for 
sprouting explants.  
Nutrients 
Mineral nutrients play a large role in plant proliferation and development (Leifert et al., 
1995; Ramage and Williams, 2002). There are 17 essential minerals (elements) required for plant 
growth (Marschner, 1995) that must be available at certain macro and minor concentrations. 
Altering mineral nutrients in single experiment studies such as that of Murashige and Skoog 
(1962) is time consuming and difficult to understand, due to the interactions of the chemical 
components in any medium formulation.  
The minor nutrients required for plant growth are B, Cl, Co, Cu, Mn, Mo, Ni, Na, Si and 
Zn. For most plants the tissue content of minor nutrients usually exceeds the physiological 
requirements, but minor nutrient deficiencies are common in certain soil types (Bennett, 1993). 
Analysis of Oregon-grown hazelnut leaf tissues found a wide range of minor nutrients in healthy 
leaves: 26-650 ppm Mn, 51-400 ppm Fe, 5-15 ppm Cu, 31-75 ppm B, and 16-60 ppm Zn (Olsen, 
2001). Understanding how shoots respond to mineral nutrients of a medium can be complex, as 
shown by the classic study of Murashige and Skoog (1962). Due to the agar based growth 
medium, rootless shoots and enclosed environment, in vitro plants have different nutrient 
requirements compared to in vivo plants. Plants in vitro contain different levels of elements than 9 
 
their in vivo counterparts, and sugar concentrations in the medium may affect nutrient uptake 
(Adelberg et al., 2010). In vitro mineral nutrition involves the direct movement of ions from the 
medium into plant tissues without the limiting functions of root uptake (Williams, 1993).  
Most plant tissue culture media do not contain all the essential minor nutrients (Co, Ni, 
Si) because they are required in such small amounts that the agar or gellan gum gelling agents 
contain an adequate supply (Singha et al., 1985; Williams, 1993). Although Ni is not used in 
DKW, WPM, or MS media, it may improve the culture of many plants. George (2008) suggested 
that 0.1 µM Ni could be added to culture medium without harm. Witte et al. (2002) found that 
addition of 100 to 200 nM (1.0 to 2.0 µM) NiSO4 to MS medium was sufficient to increase 
urease activity in cultured potato leaves. They noted that the amount of urease activity depended 
on the amount of added Ni, and also depended on the chemical make-up of the agar. Addition of 
Ni also increased shoot regeneration of Jactropha curcas leaf explants (Sarkar et al., 2010).  
  There are only a few studies on the effects of minor nutrients on in vitro cultures of 
hazelnut and they had very different results. Nas and Read (2004) made many modifications to 
common media to produce NRM medium, including a 10x increase in the minor elements Cu and 
Mo. Italian hazelnut cultivars had improved growth with an altered MS medium minor nutrient 
content: Mn was increased to 4x, Zn decreased to 0.34x and Mo was eliminated from the medium 
(Bacchetta et al., 2008). Our earlier study of the mineral nutrients required for optimal hazelnut 
micropropagation determined that all of the five cultivars studied grew best with twice the normal 
DKW level of minor nutrients stock, the highest concentration tested (Chapter 2). 
Newer technologies allow other ways of improving growth media. One approach is based 
on the chemical composition of plant material (Bacchetta et al., 2008; Nas and Read, 2004). Nas 
and Read (2004) formulated a medium based on hazelnut kernel composition and components of 
DKW, MS, and WPM media. Bacchetta et al. (2008) followed the same procedure using nut and 
leaf samples from hazelnut and almond in combination with MS medium to formulate a new 
medium. Another approach is evaluation of spent medium to determine what nutrients the plants 
are taking up (Adelberg et al., 2010).  
 
Over the years C. avellana has been cultivated to produce high quality nuts that are 
bountiful, tasty, resistant to diseases, and fit for specific markets.  New varieties of C. avellana 
are being released yearly.  It is critical to be able to propagate these important hazelnut cultivars. 
Despite all the work that has been done on hazelnut micropropagation, there are still areas that 10 
 
need improvement.  This thesis studies the mineral nutrient effect of Corylus avellana cultivars 
and advanced selections in relation to in vitro shoot growth. A thorough examination of hazelnut 
shoot growth in response to medium composition; macronutrients, minor nutrients, and growth 
regulators was done. The initiation stage was examined; finding the cleanest and most actively 
growing material suitable for explants.  
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ABSTRACT 
Micropropagation of hazelnut (Corylus avellana) is typically difficult due to the wide 
variation in response among cultivars. This study was designed to overcome that difficulty by 
modeling the optimal mineral nutrients for micropropagation of C. avellana selections using a 
response surface design analysis. Fe and plant growth regulators were optimized first. The Driver 
and Kuniyuki Walnut  (DKW) mineral nutrients were separated into five factors: NH4NO3, 
Ca(NO3)2, mesos (MgSO4 and KH2PO4), K2SO4, and minor nutrients (B, Cu, Mn, Mo, and Zn). 
The concentrations ranged from 0.5x to 2.0x the standard DKW concentrations with 33 
treatments for use in modeling. Multifactor response surface analysis projected that optimum 
shoot proliferation in response to mineral nutrients was genotype specific, but that N ratios and 
increased N, mesos and minors were important to overall quality and shoot length for all 
genotypes. Improved shoot quality was observed with increased Ca(NO3)2, mesos and minors for 
most of the cultivars tested. For ‘Sacajawea’ only the mesos components significantly improved 
shoot quality. Lower Ca(NO3)2 improved multiplication while higher amounts increased shoot 
length for most cultivars. New media formulations require higher Ca(NO3)2, mesos and minors 
with options to change the ammonium to nitrate ratios. 
 
Introduction 
Micropropagation provides an option for producing large quantities of clonal cultivars of 
hazelnuts (C. avellana L.) and is currently used by commercial nurseries. Hazelnuts are variable 
in their response to micropropagation; some do not multiply or elongate. The chemical 
composition of the medium is one  of the underlying factors that insures  successful 
micropropagation. Some problems of hazelnut culture include lack of multiplication, short shoots, 
chlorosis, and production of callus and  a milky white exudation (Al Kai et al., 1984; Anderson, 
1984; Diaz Sala et al., 1990; Nas and Read, 2001; Yu and Reed, 1995). 
General hazelnut micropropagation protocols are often slight modifications of common 
tissue culture media (Anderson, 1984; Damiano et al., 2005; Diaz Sala et al., 1990; Yu and Reed, 
1993). In an early study, Anderson (1984) developed a modified MS (Murashige and Skoog, 
1962) basal salt recipe for in vitro hazelnuts, reducing both KNO3 and NH4NO3 levels, and 
replacing  KH2PO4with  NaH2PO4; Fe and iodine were also changed. Al Kai et al. (1984) 16 
 
modified MS medium by using Zucherelli’s vitamin solution for increased shoot proliferation 
from axillary buds and substituting FeEDTA with Fe sequestrene to produce a greener, healthier 
hazelnut shoot. Use of Fe sequestrene was confirmed by Bassil et al. (1992). Diaz Sala et al. 
(1990) successfully cultured apical buds and nodal segments of ‘Tonda Gentille Delle Langhe’ on 
modified MS medium composed of half-strength nitrates, double strength CaCl2 and  MgSO4 
with 2 mg·L
-1 ascorbic acid. 
Yu and Reed (1993)  found hazelnut shoot multiplication was best on Driver and 
Kuniyuki (1984) Walnut medium (DKW) with glucose as the carbon source. They compared 
DKW, Woody  Plant  Medium (WPM)  (Lloyd and McCown, 1980)  and Anderson medium 
(Anderson, 1984), and also found that substituting 3% (w/v) sucrose with glucose produced the 
most shoots on DKW. Damiano et al. (2005) tested hazelnut shoots on various basal media: 
DKW, WPM (McCown and Lloyd, 1981), PT (Perez-Tornero et al., 2000) and half strength MS. 
DKW and a combination of DKW and WPM were efficient for multiplication and quality of 
shoots.  
Plant growth regulators (PGR) are often studied for improving hazelnut shoot 
multiplication (Bassil et al., 1992; Damiano et al., 2005; Diaz Sala et al., 1990; Perez et al., 1985; 
Thomson and Deering, 2011; Yu and Reed, 1993; Yu and Reed, 1995). Results from these studies 
showed that the cytokinin N
6-benzyladenine (BA) produced the best response for hazelnut shoot 
multiplication in the range of 1.5 to 25 µM. 
Mineral nutrients play a large role in plant proliferation and development (Leifert et al., 
1995; Ramage and Williams, 2002). There are 17 essential minerals (elements) required for plant 
growth  (Marschner, 1995)  that must be available at certain macro and micro concentrations. 
Understanding how shoots respond to mineral nutrients of a medium can be complex, as shown 
by the classic study of Murashige and Skoog (1962). Due to the agar based growth medium, 
rootless shoots and enclosed environment, in vitro plants have different nutrient requirements 
compared to in vivo plants. Plants in vitro contain different levels of elements than their in vivo 
counterparts, and sugar concentrations in the medium may affect nutrient uptake (Adelberg et al., 
2010). In vitro mineral nutrition involves the direct movement of ions from the medium into plant 
tissues without the limiting functions of root uptake (Williams, 1993).  
Altering mineral nutrients in single experiment studies such as that of Murashige and 
Skoog (1962)  is time consuming and difficult to understand, due to the interactions of the 
chemical components in any medium formulation. Newer technologies allow other ways of 17 
 
improving growth media. One approach is based on the chemical composition of plant material 
(Bacchetta et al., 2008; Nas and Read, 2004). Nas and Read (2004) formulated a medium based 
on hazelnut kernel composition and components of DKW, MS, and WPM media. Bacchetta et al. 
(2008) followed the same procedure using nut and leaf samples from hazelnut and almond in 
combination with MS medium to formulate a new medium. Another approach is evaluation of 
spent medium to determine what nutrients the plants are taking up (Adelberg et al., 2010).  
A computer assisted technique, response surface design statistical software, can model 
multiple factors and their influence on the overall outcome based on the plant response. This type 
of analysis was used to examine the effects of nutrients on several in vitro plant responses of both 
callus and shoot cultures (Niedz and Evens, 2006; Niedz and Evens, 2007; Niedz and Evens, 
2008; Reed et al., 2013; Wada et al., 2013). A response surface model can test multiple nutrients 
simultaneously, and optimal nutrient levels can be predicted and further tested to obtain 
optimized media based on the plant response.  
This study was designed to determine mineral factors that have the greatest effects on the 
growth and development of five diverse hazelnut genotypes using a response surface design 
analysis. The DKW mineral salts were used as a starting point for optimization of five mineral 
stock solutions for improved growth and multiplication of hazelnut cultivars. 
    
Materials and Methods 
 
CULTURE AND CONDITIONS. Hazelnuts ‘Dorris’, ‘Felix’, ‘Jefferson’, OSU 880.054 and 
‘Sacajawea’ were grown on NCGR-COR medium: DKW medium salts (Driver and Kuniyuki, 
1984) (Table 2.1) and 0.147 g·L
-1 calcium chloride dihydrate with per L: 30 g glucose, 200 mg 
sequestrene 138 Fe EDDHA, 2 mg thiamine, 2 mg nicotinic acid, 2 mg glycine, 1 g myo-inositol, 
22.2 μM BA, 0.049 μM indole-3-butyric acid (IBA) and 0.5% (w/v) agar (PhytoTechnology 
Laboratories A1111). Medium was placed into tissue culture boxes (Magenta GA7, Magenta, 
Chicago, IL), 40 ml per box, and autoclaved at 121°C for 20 min. The average illumination 
measured at the top of the vessels was 70-90 µmol∙m
2s
-1 with a 16-h photoperiod of half warm-
white and half cool-white fluorescent illumination. Cultures were transferred to new medium at 
three week intervals. 18 
 
 
EXPERIMENTAL SETUP AND MAINTENANCE. At initial planting shoots were cut to 2.5 
cm with apical meristems removed. For each transfer shoots were cut above the basal zone, the 
lower leaves removed and each piece cut to 2.5 cm. Each treatment consisted of two boxes with 
five shoots for each genotype. Boxes were randomized on the growth room shelf.  
  PRELIMINARY STUDIES. Two studies were performed with ‘Jefferson,’ OSU 880.054 and 
‘Sacajawea’ prior to the mineral nutrient study: optimization of sequestrene Fe and optimization 
of BA and IBA. Five concentrations of sequestrene 138 Fe were tested (50, 100, 150, 200, 250 
mg·L
-1). In a separate experiment, combinations of BA (8, 16, 24, 32, 40 μM) and IBA (0, 
0.0125, 0.025, 0.05, 0.075 μM) were tested in a factorial design.  All other components of the 
NCGR-COR medium (above) were held constant. Three plants from each box (five treatments) 
were examined for shoot culture quality, shoot length, shoot number, leaf chlorophyll content and 
callus weight as noted below. For each box the callus of the five plants were cut and grouped 
together for measuring fresh and dry weights. For Fe studies shoots were grown for 16 weeks and 
PGR for 9 weeks. The results of these studies were used as the base medium for the mineral 
nutrition study. 
MINERAL  NUTRITION.  In vitro hazelnut growth response to DKW nutrients was 
developed with the software program Design-Expert® 8 (Design Expert, 2010). The five cultivars 
were tested on DKW nutrients using a multi-factor response surface design. The main DKW salt 
components were separated into five independent factors, creating a five-dimensional 
experimental  design space. The five factors were: NH4NO3,  Ca(NO3)2, mesos (MgSO4  and 
KH2PO4), K2SO4, and minors (H3BO3, CuSO4, MnSO4, Na2MoO4, and Zn(NO3)2) (Table 2.1). 
Design points were selected algorithmically by D-optimality criteria to sample the design space. 
Treatments were developed from design points and included duplication of some points. There 
were 33 treatments run in two sets with DKW controls (Table 2.2). All treatments had the 
vitamins, glucose, calcium chloride, sequestrene Fe 138, BA and IBA as noted above. Shoots 
were grown on each treatment medium for 13 weeks with transfers at 3 week intervals with the 
last growth period for 4 weeks.  
DATA COLLECTION. Three plants taken from standard points in each box were examined 
for eight responses (n=6). The remaining shoots were photographed. Shoot quality was a visual 
assessment of shoot vigor and form: 1=poor, 2=moderate, and 3=good. The number of shoots per 
plant longer than 5 mm was counted. The longest shoots were measured. Leaf color was rated 19 
 
1=yellow, 2=light green, and 3=dark green. A portable Soil–Plant Analysis Development (SPAD) 
502 chlorophyll meter (Minolta Camera Co. Ltd., Tokyo, Japan)  was used to quantify the 
chlorophyll content of leaves from each shoot. Basal exudation was rated: 1=high, 2=moderate, 
and 3=none. Callus size was rated: 1=callus > 2mm, 2=callus < 2 mm, and 3=absent. Leaf size 
was rated: 1=small, 2=medium, 3=large. 
 
STATISTICAL ANALYSIS. The mean plant responses from the six plants of each genotype 
grown in the same treatment were used for analysis by response surface modeling. The data were 
analyzed using Design-Expert® 8 (Design Expert, 2010). For each genotype’s response data, the 
highest order significant polynomial predictor models were used. The full model included linear 
and quadratic terms is given in appendix A. Backward elimination regression was used to remove 
factors from the full model that were not significant in a stepwise manner. Models and factors 
with p-values ≤ 0.05 were considered significant. Example of statistical output from a genotypes 
response to the nutrient factors is shown in appendix A.  
  
OPTIMIZATION. The Design Expert optimization function was used to predict the best 
combination of mineral nutrients for each genotype. Data from the responses were compared to 
set criteria of an ideal plant, and predicted combinations of the nutrient factors were produced. 
Response criteria for optimized hazelnut micropropagation were set at: quality rating of three, 
three shoots per plant, shoot length 30-60 mm, no callus, and medium leaf size (rating of 2).  
 
EXPERIMENTAL NUTRIENTS COMBINATION. Based on optimization results from Design 
Expert software the five C. avellana genotypes were grown on four optimized treatments and a 
DKW control (Table 2.3). Growth conditions were the same as mentioned earlier except each 
treatment consisted of three boxes with 5 shoots (2.5 cm) for each genotype. Three plants taken 
from standard points in each box were examined for four responses. Quality rating, shoot length, 
shoot number and callus rating were recorded. ANOVA  was done using SAS software and 
response means.  
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QUANTITATIVE IONIC ANALYSIS. Shoots from three treatments; [good growth 
(Treatment 4), poor growth (Treatment 10) and control (Treatment 34)], of the five cultivars 
were used to analyze nutrient uptake. One shoot from each box was analyzed (n=3); fresh and 
dry weight (oven dried in 70
oC degree for 3 days) were measured and recorded. Dried samples 
(0.05 mg) of single shoots were placed into a muffle oven for 1h at 500
 oC to produce ash (total 
24 samples). After cooling, HCl (1 M, 10 ml) was added and the sample dissolved completely. 
The supernatants were filtered through Whatman filter paper (No. 3) for purification. To measure 
ion concentrations in the samples, standard solutions (each of Ca, Mg, Fe, Na and K) were 
diluted as ion concentrations of 1.0 ppm, 0.5 ppm and 0.01 ppm. An atomic absorption 
spectrometer (Shimazu, Kyoto, Japan) was employed for the quantitative ion analysis in the 
samples. Analyses were performed in the Department of Applied Chemistry and Biotechnology, 
Niihama National College of Technology in Japan. 
 
Results 
IRON STUDY. Iron sequestrene 138 Fe EDDHA concentration had significant effects on 
quality,  leaf  color  SPAD  and  callus  factors  (p≤0.001) (Table 2.4).  The quality improved 
significantly with increased Fe and there was no cultivar interaction (Fig. 2.1 A). The quality of 
plants on medium with more than 100 mg was significantly better than at 50 mg; low Fe (50 
mg·L
-1) plants were pale and grew less than any of the other concentrations (Fig. 2.1 B). Shoot 
number was genotype dependent with fewer shoots produced on ‘Sacajawea’ than on the other 
cultivars and there were no significant differences in shoot number at low or high Fe 
concentrations. The leaf color rating and the SPAD (chlorophyll content) showed that 50 mg Fe 
produced significantly less color and chlorophyll than higher concentrations (Fig. 2.1 C-E). Leaf 
color rating results were similar  to SPAD analysis. Callus production showed a genotype x 
treatment interaction. At low (50 and 100 mg L
-1) Fe concentrations ‘Sacajawea’ and ‘Jefferson’ 
had significantly more callus than did OSU 880.054, but there were no significant differences at 
higher concentrations (Fig. 2.1F).  SPAD, and callus had treatment cultivar interactions (Table 
2.4. Fig.2.1 C-F).  
PLANT GROWTH REGUALTOR  STUDY.  Genotype response was significant for callus 
weight and rating while BA concentration had significant effects on quality, shoot length and 
callus weight (Table 2.5). IBA concentration was not significant for any of the responses. The 
best quality, shoot length and the least callus weight were on medium with 8 µm BA (Fig. 2.2). 21 
 
As BA increased from 8 to 40 µm, overall shoot quality and shoot length declined and callus 
weight increased (Fig 2.2 A-C.).  ‘Sacajawea’ produced significantly more callus than the other 
genotypes did (Fig. 2.2 C-D).  
MINERAL NUTRIENTS. The overall models were reported significant if p≥0.05 (Table 
2.6). For each significant model ANOVA revealed significant factors with a p≥0.05 (Table 2.6).   
The response surface design of the experiments resulted in graphs that are projections of the best 
treatments based on the data collected from the design points (treatments). For each genotype the 
two most significant factors were used as the axes in the design graphs.  
QUALITY. The quality rating is a subjective evaluation of plant health that includes many 
of the other metrics evaluated separately. There were significant models (p<0.01) for quality for 
all five genotypes (Table 2.6). Most genotypes required a complex combination of nutrients often 
including high Ca(NO3)2, mesos and minors to improve the growth response compared to the 
control shoots (Fig. 2.3). ‘Dorris’ required increased Ca(NO3)2, mesos, and minors with less 
NH4NO3 to improve quality. ‘Felix’ required high N, mesos and minors but changes in quality 
were small. ‘Jefferson’ produced high quality ratings with higher Ca(NO3)2 and minors while 
‘Sacajawea’ had mesos as the only significant factor. OSU 880.054 required high Ca(NO3)2, 
mesos and K2SO4 with low for the best quality. Plant quality was projected to be significantly 
greater than the control for all genotypes. ‘Dorris’ quality mean was projected to be greater than 
2.2, while the control response average quality rating was 1.5. Projected quality means were often 
significantly higher than the controls. For ‘Felix’ the highest quality mean was projected at >1.9, 
while the control quality was 1.3 (Fig. 2.3). ‘Felix’ had the least response to the treatments. For 
‘Jefferson’ the projected highest quality mean was greater than 2.4, while the control quality was 
2.0. OSU 880.054 highest projected quality was >2.1 and the control rating was 1.7 (Fig. 2.3). 
‘Sacajawea’ highest projected quality was >2.02, while the control quality rating was 1.6 
SHOOT  LENGTH.  Shoot length models were significant (p<0.001) for  each of the 
genotypes (Table 2.6). Most of the genotypes had multiple interactions, but mesos was the only 
significant factor for ‘Sacajawea’. Most genotypes required high (1.5x) Ca(NO3)2, mesos and 
(2x) minors with low (0.7x) NH4NO3 for the longest shoots. By genotype: ‘Dorris’, ‘Felix’ and 
OSU 880.054 had the greatest shoot length with high Ca(NO3)2, mesos and minors with low 
NH4NO3; ‘Jefferson’ with high Ca(NO3)2 and low NH4NO3, but the standard concentrations 
were also good (Fig. 2.4.); ‘Sacajawea' shoots were the longest with high mesos and low 22 
 
NH4NO3. Increasing Ca(NO3)2, mesos and minors tended to increase shoot length for four of the 
five genotypes; only ‘Sacajawea’ required high mesos and low NH4NO3 
SHOOT NUMBER. Analysis of shoot number resulted in significant models (p<0.01) for 
all genotypes (Table 2.6).  Most of the genotypes had significant interactions, but ‘Sacajawea’ 
was only influenced by Ca(NO3)2. For most genotypes low N in combination with high mesos 
produced the most shoots. ‘Dorris' had the best multiplication with low N and high minors, mesos 
and K2SO4 (Fig. 2.4); ‘Felix’ was best with low N and minors with high mesos and K2SO4 (Fig. 
2.4. design point 19 shown); ‘Jefferson,’ low N (DKW control design point shown); OSU 
880.054, low Ca(NO3)2, minors, and mesos; ‘Sacajawea,’ low Ca(NO3)2.  
LEAF RESPONSES. Analysis of leaf responses (leaf color rating, SPAD, and leaf size) 
resulted in highly significant models p<0.0001 (Table 2.7). In all cases the highest Ca(NO3)2 and 
moderate NH4NO3 produced large leaves (Fig. 2.5). Both ‘Felix’ and OSU 880.054 required high 
levels of mesos and minors for largest leaf size. In all cases high N concentrations were required 
for the largest amount of chlorophyll production (SPAD meter) (Fig. 2.5). The same was true for 
leaf color ratings (data not shown).  
CALLUS. Models of callus response were significant (p<0.01) for the four genotypes that 
produced callus (Table 2.8). ‘Felix’ rarely produced callus. For ‘Dorris’ high concentrations of 
NH4NO3 and Ca(NO3)2 were significant for low callus production. For ‘Jefferson’ the interaction 
of NH4NO3 and mesos was significant. For OSU 880.054, high NH4NO3 and Ca(NO3)2 with low 
minors were significant. For ‘Sacajawea’ multiple interactions affected callus production. High 
levels of NH4NO3 produced the least amount of callus for the four genotypes (Fig. 2.6). By 
genotype the least callus was produced with ‘Dorris’ on high Ca(NO3)2  and  NH4NO3; 
‘Jefferson,’ on high NH4NO3  and low to moderate mesos (design point shown is the DKW 
control); OSU 880.054, on high Ca(NO3)2 and NH4NO3 with low minors; ‘Sacajawea,’ on high 
NH4NO3 with all other factors low. Callus production on DKW medium varied by genotype with 
‘Sacajawea’ producing the most callus, followed by ‘Jefferson’, ‘Dorris’, and OSU 880.054, 
while ‘Felix’ usually had little to no callus (Fig. 2.6). 
EXUDATION.  A milky white exudate is often associated with callus production in 
hazelnut shoot cultures. Analysis of exudation response resulted in significant models (p<0.01) 
for the four genotypes where it occurred and there were significant interactions (Table 2.8). For 
most genotypes high levels of NH4NO3  reduced exudation (Fig. 2.6). By genotype, low 
exudation was seen with the following conditions: ‘Dorris’ showed an interaction such that either 23 
 
low Ca(NO3)2 and high minors, or high Ca(NO3)2 and low minors reduced exudation. ‘Jefferson’ 
had an interaction of high NH4NO3 and low mesos; the ‘Sacajawea’ interaction was for high 
Ca(NO3)2 and NH4NO3. OSU 880.054 had an interaction of high NH4NO3 with low minors. The 
control design point is shown in several graphs (Fig. 2.6).  
TRIALS OF “OPTIMIZED” MEDIUM. Shoot length was significant for genotype (p=.0024) 
and treatment (p=0.311) (Table 2. 9), but quality and shoot number were not significant. 
‘Jefferson’ produced the greatest shoot length on treatment A and the control treatment C (53 
mm). OSU 880.054 produced longest shoots on treatment A  (48 mm) as did ‘Felix’ (41 mm) 
while ‘Sacajawea’ (50 mm) had long shoots on treatments A, B, and C. ‘Dorris’ produced longest 
shoots on treatment B (46 mm) (Fig. 2.7). Callus was significant for genotype p=0.0002 (Table 
2.9). ‘Felix’ had little callus while Sacajawea had a large amount (Fig. 2.7).  
QUANTITATIVE IONIC ANALYSIS. Shoots grown on mineral nutrient combinations with 
high nutrient levels (good growth, treatment 4), medium nutrients (control treatment 34) and low 
nutrients (poor growth, treatment 10) were compared. Uptake of nutrients varied with the 
treatment and the genotype. In general, the concentrations of Ca and Mg in the plants on the good 
treatment were greater than those of the poor and control treatments (Fig. 2.8). ‘Sacajawea’ had 
significantly higher K uptake in the good treatment compared to the other treatments (Fig. 2.8).  
‘Sacajawea’ on the good treatment took up more calcium than the other genotypes. There was 
less variation in the levels of K for the three nutrient treatments. Much less Na was taken up by 
the plants on the good treatment compared to the poor and some of the control plants.  
Discussion 
Optimizing media for micropropagation can be difficult due to the many elemental 
factors and their interactions. Although the main focus of this study was mineral nutrition, we 
also investigated the basic requirements for Fe and PGRs. Hazelnut cultures often suffer from 
chlorosis, so the Fe source in the medium is often a point of study. Since the study of Al Kai et al. 
(1984), many in vitro hazelnut formulas use 200 mg·L
-1 sequestrene Fe 138 (Nas and Read, 2004; 
Thomson and Deering, 2011; Yu and Reed, 1993; Yu and Reed, 1995). We found that 100 to 200 
mg·L
-1 sequestrene Fe 138 provided good quality ratings of healthy green shoots, in agreement 
with Al Kai et al. (1984). The sequestrene Fe 138 concentration affected both shoot quality and 
leaf color. We found 50 mg·L
-1 sequestrene Fe 138 resulted in poor growth and chlorotic leaves 
while hazelnuts grown on >100 mg·L
-1 had good dark green leaf color and higher chlorophyll 
content (Fig. 2.1). 24 
 
The amount of growth regulators required has also been widely studied. Perez et al. 
(1985) tested BA concentrations from 0-50 µM and found that 25 µM BA on 1/2 K medium 
produced the best growth for C. avellana seedlings. BA at 22.2 µM was the most effective for 
increasing the growth of new C. avellana shoots in several studies (Al Kai et al., 1984; Diaz Sala 
et al., 1990;  Thomson and Deering, 2011). Higher concentrations of BA can significantly 
decrease shoot length (Perez et al., 1985; Yu and Reed, 1995), and the relation between shoot 
length to shoot number should be considered when setting the cytokinin concentration. Bassil et 
al. (1992) cultured explants on modified MS medium (increased Ca) and found the highest rates 
of proliferation on 5 µM BA. Damiano et al. (2005) suggest 6.7- 8.9 µM BA for hazelnuts. Yu 
and Reed (1993) found that 6.7-13.3 µM BA in modified DKW medium produced the best shoot 
growth and multiplication, with 3.3 shoots for ‘Tonda Gentile Romana.’ In our study, C. avellana 
cvs. ‘Jefferson,’ OSU 880.054 and ‘Sacajawea’ had the best quality shoot growth and shoot 
length at 8 µM BA.  We also determined that IBA did not significantly affect any of the growth 
parameters tested. IBA concentrations have not been closely examined for shoot multiplication of 
C. avellana. Once the mineral nutrients are optimized, it may be necessary to reconsider the BA 
concentration for increased multiplication. 
Mineral nutrient composition of growth media is an area that has been mostly overlooked 
regarding the multiplication, growth, and development stages of micropropagation. Williams 
(1993) noted that there is a “complex web of interactions” with mineral nutrients and plant uptake 
and growth. Interactions among nutrients in a medium can cause changes to the availability of 
mineral nutrients and can result in difficulties during optimization of media for shoot growth and 
development  (Williams, 1993).  Due to genotype variation, developing a universal hazelnut 
mineral nutrient medium is difficult and the results of various studies seem contradictory. Several 
approaches were used when focusing on optimizing mineral nutrients for hazelnuts. Studies 
comparing common basal media as in Yu and Reed (1993) and Damiano et al. (2005) found that 
DKW was effective for multiplication and quality shoot growth when compared to other 
commonly used media. In these two cases, DKW had the highest amounts of N, P, K, Ca and Mg 
(and ionic concentrations) of the media tested (Table 2.11). Formulation of the basal nutrient salts 
using analysis of hazelnut kernels (Nas and Read, 2004) and leaves (Bacchetta et al., 2008) 
produced different results than those seen in our study. The plant analysis approach results in 
some difficulties due to the variation in nutrient ratios in kernels or leaves of field plants as 
compared to actively growing in vitro hazelnut shoots.  The plant analysis approach is highly 
dependent on soil type, fertilization and possibly cultivar tested.   25 
 
Nas and Read (2004)  determined that hybrid hazelnut kernels (C. avellana x  C. 
americana) contained N levels too toxic for a growth medium and so they used an average of MS 
and DKW N concentrations in Nas and Read medium (NRM) (Nas and Read, 2004). Bacchetta et 
al. (2008) did not alter N from the MS concentrations in their HM medium. Fresh leaf N analysis 
of hazelnuts was found to be 2.21-2.50 % dry weight for hazelnuts in Oregon (Olsen, 2001). In 
our study increased Ca(NO3)2 (1.5x DKW) improved overall quality in four of the five hazelnut 
genotypes (Fig 2.3; Table 2.6). These Ca(NO3)2 concentrations were much higher than those of 
WPM, NRM, and slightly more than MS and HM (Table 2.11). Analysis of hazelnut cultures 
grown with low, medium and high Ca and Mg revealed that when more of these nutrients were 
available, more was taken up by the plants (Fig. 2.8). Very little Na is included in the medium 
formulation but agar can contribute to minerals content.  Uptake of Na from the agar was very 
high in the low nutrient treatment in this study (Fig. 2.8). Toxic uptake of Na can be inhibited by 
higher Ca concentrations through a protein mediated pathway (Tester and Davenport, 2003), and 
it is likely this effect that is reflected in the increased Ca in the control and good treatments in this 
study. 
The quality response of these five C. avellana cultivars to N ratios was variable; two 
cultivars required low NH4NO3 and high Ca(NO3)2 while two others required high amounts of 
both; for one cultivar the ratio was NS (Fig. 2.3 and Table 2.6). These results indicated that some 
of the genotypes grew best at the higher NH4NO3 to Ca(NO3)2 ratios similar to MS and HM and 
others at low ratios similar to NRM of Nas and Read (2004). These genotype differences in N 
ratios may account for the disparities among research studies. Our results indicate that screening 
hazelnut cultivars for N requirement is important for determining a final medium. 
Increased mesos (MgSO4  and KH2PO4) were significant for better quality for all five 
genotypes; the 1.5x DKW concentrations were higher than MS, WPM, HM and DKW (Table 
2.11). NRM medium (Nas and Read, 2004) used even higher concentrations of both. Hazelnut 
leaf samples in Oregon contained (dry weight) 1.01-2.5% calcium, 0.81-2% potassium, 0.13-
0.2% sulfur and 0.25-0.5% magnesium (Olsen, 2001). Treatment 29 (Table 2.2) which produced 
high quality shoots included high mesos compared to MS and WPM but not as high as NRM 
(Table 2.11). Potassium sources vary with the medium used so they are difficult to compare.   
The minor nutrient components of various growth media vary considerably for some 
components (Table 2.11). Our results indicated that increasing the minor minerals to at least 2x 
DKW produced better quality shoots for all five genotypes (Fig. 2.3). There were many 26 
 
interactions of the minor nutrients with other medium components as well (Table 2.6). At 2x 
DKW, these concentrations are much higher than MS and WPM (Table 2.11). Increasing certain 
minor elements also agreed with Nas and Read (2004) who recommended CuSO4 at 10x and 
(Na2Mo)4 at 6.4x DKW for hybrid hazelnuts. Bacchetta et al. (2008) did not find any Mo in their 
leaf samples and therefore did not include it in the medium, but they did increase Mn to 1.95x 
DKW. Our study did not examine each individual minor nutrient, however, due to the importance 
of this group in improved shoot growth, further examination of the individual minor mineral 
components is important. 
Shoot length and shoot proliferation are important components of quality for 
micropropagation. Proper nutrition provides healthy shoots with more nodal sections for 
multiplication. Nas and Read (2004) and Bacchetta et al. (2008) both note that longer shoots 
allow for more potential multiplication, since shoots are usually cut into nodal sections for 
propagation. Having additional basal shoots is also important for propagation, but Nas and Read 
(2004) and Bacchetta et al. (2008) found low shoot proliferation. Nas and Read (2004) had 7-15 
mm before adding extra Cu and myo-inositol and Bacchetta et al. (2008) found at best 18-24 mm 
in length. Nas and Read (2004)  concluded that increasing Cu and myo-inositol resulted in 
increased shoot length up to three fold and increased shoot number up to 93%. Hazelnuts grown 
with 2.55 mg·L
-1 CuSO4 plus 400 mg·L
-1 myo-inositol produced about 35-50 mm length in four 
genotypes and about 5-7 axillary buds/shoot. Our study, which included 1 g myo-inositol, found 
that increased Ca(NO3)2, mesos and minors increased shoot length for four of the five genotypes; 
‘Sacajawea’ required high mesos and low NH4NO3. The cultivars studied here produced shoots 
that ranged in length from 20-75 mm. When testing some of the projected “optimized” nutrient 
levels we found that low NH4NO3 and high Ca(NO3)2 in combination with high mesos and 
minors produced the longest shoots for four of the five genotypes (Fig. 2.11). ‘Felix’ also grew 
well on that medium, but was better with normal NH4NO3 and high concentrations of the other 
minerals. We held the BA concentration to 8 µM,  but increased basal proliferation is likely 
controlled by cytokinin concentrations and could possibly be further improved by reoptimizing 
BA. 
We have often observed callus and basal exudation in hazelnut cultures; however, there is 
little or no mention of these issues in the literature. Decreased callus and exudation were observed 
on treatments with increased NH4NO3 (Fig. 2.6). Plants that grew vigorously often produced 
more callus and more exudation. ‘Felix’ did not grow vigorously and it produced little to no 
callus or exudation while the more vigorous cultivars, 'Jefferson' and ‘Sacajawea’, produced the 27 
 
most. Reduction in callus production could be useful as it might channel growth into new shoots 
or increased shoot growth instead of unorganized cells.  
Conclusions 
There is a need in the micropropagation industry for a practical procedure for the 
development of specific medium formulations for new crops. Medium development has typically 
involved testing existing formulations to find one that provides adequate growth and 
development. The response surface design used in this study is a systematic approach for 
determining the mineral nutrient factors that influence the growth of hazelnut shoots. Plant 
quality rating, a response that encompasses leaf factors, multiplication,  shoot length and 
physiological abnormalities, was an important indicator of plant health, and could be manipulated 
through changes in the mineral nutrients. The overall response of these cultivars to increased 
concentrations of Ca(NO3)2, mesos and minors as well as variable N ratios, indicated that DKW 
was not an optimal medium for any of the five cultivars tested. The number of nutrient 
interactions observed in this study indicates the complexity involved in determining an optimal 
nutrient medium. C. avellana cultivar response to mineral nutrients varied somewhat, however 
new medium formulations will all require higher Ca(NO3)2, mesos and minors with options for 
changing the NH4NO3 to Ca(NO3)2 ratios.  
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Figure 2.1.  The effect of sequestrene iron 138 on hazelnut cultures for (A) quality of the 
three C. avellana genotypes, (B) shoots of the three C. avellana genotypes grown on 
various levels of iron, (C) shoot number, (D) chlorophyll content, (E) leaf color rating, 
and (F) callus rating. 31 
 
 
 
Figure 2.2. Significant responses of hazelnut shoot tips to BA concentrations: (A) quality, 
(B) shoot length, (C) callus, and (D) callus dry weight. 
 32 
 
 
Figure 2.3. Left: Response surface graphs of mineral nutrient effects on the quality of five 
hazelnut genotypes. The two most significant factors are displayed as x and y-axis, the other 
factors are set to concentrations that maximize the response. The quality ratings are color 
coordinated from highest quality (red to yellow to green) and lowest quality (blue). Right: Shoot 
cultures of each genotype grown on treatments with high NH4NO3, moderate Ca(NO3)2, and 
high mesos, K2SO4 and minors or control shoot cultures grown on NCGR-COR medium.       33 
 
 
Figure 2.4.  Response surface graphs of mineral effects on: Left) the shoot length (mm) and 
Right) shoot number of five hazelnut genotypes.  Responses measurements are color coordinated 
for highest (red, yellow) to lowest (green, blue). Red dots indicate design points. 34 
 
 
Figure 2.5. Response surface graphs of mineral effects on: Left) leaf size (rating 1-3) and Right) 
estimated chlorophyll content (SPAD) of five genotypes. Larger leaf size and increased 
chlorophyll content (SPAD) are indicated by highest (red to yellow) to the lowest (green to blue). 35 
 
 
Figure 2.6.  Response surface response of mineral effects on: Left) callus, and Right) exudation.  
Both rated on a one to three scale where one is high amount and three is a low amount of 
response.  Larger leaf size and increased chlorophyll content (SPAD) are indicated by highest 
(red to yellow) to the lowest (green to blue). Red dots indicate the two control design points. 36 
 
 
Figure 2.7.  Nutrient optimization responses. ‘Dorris’ ‘Felix,’ ‘Jefferson’, OSU 880.054, and 
‘Sacajawea’ responses (means): quality, shoot length and callus for treatments (A, B, C, D, E). 
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Figure 2.8. The mean concentrations of mineral elements found in shoots grown on the Good 
(Treatment 4), Poor (Treatment 10), and control (Treatment 34) for all five genotypes. 
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Table 2.1. The five experimental factors used to construct the 5-dimensional design space, the 
DKW salts that constituted the factors, and the concentration ranges based on DKWx levels. 
 
Factors 
DKW Mineral 
Salts 
Range DKWx 
Group 1  NH4NO3   0.5-1.5x 
Group 2  Ca(NO3)4  0.5-1.5x 
Group 3  K2SO4   0.5-1.5x 
Group 4 (mesos)  MgSO4   0.5-1.5x 
   KH2PO4    
Group 5 (Minor nutrients)  H3BO3  0.5-2.0x 
   CuSO4    
   MnSO4    
   Na2MoO4    
   Zn(NO3)2    
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Table 2.2. Five factor design including 33 treatment points. Design points 1-33 were assigned to 
blocks; Groups 1 (points 1-16) and group 2 (points17-33), one modified DKW (Yu and Reed 
1995) was run with each block 
   Factor 1  Factor 2  Factor 3  Factor 4  Factor 5 
Treatment  NH4NO3  Ca(NO3)2x4H20  Mesos  K2SO4  Micronutrients 
1  0.50  1.15  1.45  1.35  0.50 
2  0.77  0.50  1.10  0.68  0.50 
3  0.50  1.35  0.50  1.50  2.00 
4  0.50  1.50  1.50  0.92  2.00 
5  1.02  0.94  1.03  1.05  1.29 
6  0.77  0.50  1.10  0.68  0.50 
7  1.50  0.50  1.50  0.56  1.97 
8  1.34  0.50  0.50  1.50  2.00 
9  0.50  0.50  0.50  0.69  2.00 
10  0.50  0.50  0.50  1.50  0.80 
11  1.50  1.50  0.87  1.50  0.50 
12  1.50  0.69  0.50  0.50  0.62 
13  1.50  1.50  1.50  0.50  0.50 
14  1.50  1.50  0.50  0.85  1.66 
15  0.50  1.50  0.77  0.50  0.88 
16  0.98  1.26  0.50  0.99  0.50 
17  1.01  0.94  1.02  1.05  1.29 
18  0.98  1.26  0.50  0.99  0.50 
19  1.39  0.50  1.50  1.50  0.50 
20  0.50  1.50  1.12  1.05  1.14 
21  1.50  0.83  1.06  1.04  1.20 
22  1.09  1.21  0.95  0.50  2.00 
23  1.14  0.50  0.87  0.50  1.44 
24  1.01  0.94  1.02  1.05  1.29 
25  0.50  1.32  1.44  0.55  0.50 
26  1.09  1.21  0.95  0.50  2.00 
27  0.50  0.50  1.34  1.50  2.00 
28  1.45  1.50  1.01  0.89  0.95 
29  1.50  1.16  1.50  1.50  2.00 
30  0.58  0.85  1.50  0.50  1.34 
31  1.50  0.83  1.06  1.04  1.20 
32  0.96  1.50  1.50  1.50  1.25 
33  1.50  0.80  0.51  0.84  1.99 
34  1.00  1.00  1.00  1.00  1.00 
35  1.00  1.00  1.00  1.00  1.00 
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Table 2.3.  Experimental nutrient combination tested on hazelnuts modified Treatment C 
(control) set at standard DKW level. 
 
 
 
 
 
 
Table 2.4.  Significant responses for the effect of sequestrene iron 138 concentrations on the 
growth of three hazelnut cultivars. 
 
 
 
 
 
 
 
 
 
 
 
*NS not significant  
Table 2.5.  Significant responses for genotype and PGR effects on the quality, shoot length, shoot 
number, callus and exudation of hazelnut shoot cultures. 
   Quality 
Shoot 
length 
Callus 
Weight 
Callus 
Rating 
Shoot 
Number  Exudation 
Genotype  NS  NS  0.0475  0.043  NS  NS 
BA  0.001  0.001  0.0357  NS  NS  NS 
IBA  NS  NS  NS  NS  NS  NS 
 
   Factor 1  Factor 2  Factor 3  Factor 4  Factor 5 
   Stock A  Stock B  Stock C  Stock D  Stock E  Stock F 
Trt.  NH4NO3  Ca(NO3)2x4H20  MgS04x7  KH2P04  K2SO4  Minors 
A  0.5  1.5  1.5  1.5  1  2 
B  1  1.5  1.5  1.5  1  2 
C  1  1  1  1  1  1 
D  1.2  0.5  2  2  1  2 
E  1  1.7  1.5  1.5  1.3  2 
ANOVA Table          
Response  Treatment  Cultivar  Interaction 
Quality  ≤ 0.001  NS  NS 
Shoot 
Number  NS  0.001  NS 
Shoot Length  NS  NS  NS 
Leaf Color   ≤ 0.001  0.006  NS 
SPAD  ≤ 0.001  ≤ 0.001  0.008 
Leaf Size  NS  NS  0.034 
Callus  NS  ≤ 0.001  0.003 41 
 
Table 2.6.  Significant responses for quality, shoot length, and shoot number of hazelnut cultivars to mineral nutrient factors (p-values) (F 
values).
 
Genotype  Quality  Shoot Length  Shoot Number 
Dorris  Model (0.0065)(3.71)
Z  Model (0.0002)(6.24)  Model (0.0134)(3.14) 
   Ca(NO3)2(0.0267)(5.52)  Ca(NO3)2 (0.0079)(8.41)  Ca(NO3)2 (0.0210)(6.06) 
   NH4NO3 x Ca(NO3)2 (0.0333)(5.05)  Meso (0.0088)(8.13)  NH4NO3 x Minors (0.0434)(4.53) 
   Meso x Minors (0.0390)(4.73)  NH4NO3 x Meso (0.0299)(5.33)  Ca(NO3)2 x Meso (0.0202)(6.16) 
      Ca(NO3)2 x Minors (0.0094)(7.97)  Ca(NO3)2 x K2SO4 (0.0493)(4.27) 
      Meso x Minor (0.0420)(4.61)    
Felix  Model (0.0008)(4.87)  Model (0.0127)(3.17)  Model (0.0014)(4.48) 
   Ca(NO3)2 (0.0006)(16.45)  Meso (0.0161)(6.67)  K2SO4 x Minors (0.008)(8.75) 
   Minors (0.0096)(8.21)  Ca(NO3)2 x Minors (0.0114)(7.46)  Ca(NO3)2 (0.0322)(5.26) 
   Ca(NO3)2 x Minors (0.0117)(7.70)     NH4NO3 x Meso (0.0447)(4.56) 
   Meso x Minors (0.0197)(6.43)     Ca(NO3)2 x Minors (0.0454)(4.53) 
   NH4NO3 x Meso (0.0262)(5.76)       
   NH4NO3 x K2SO4 (0.0362)(5.04)       
   K2SO4 x Minors (0.0299)(5.46)       
Jefferson  Model (0.0004)(5.52)  Model (0.0002)(6.26)  Model (0.0060)(4.15) 
   Ca(NO3)2 (0.0002)(20.42)  NH4NO3 (0.0076)(8.37)  Ca(NO3)2 (0.0019)(11.81) 
   Meso (0.0145)(7.24)  Ca(NO3)2 (0.0076)(8.37)  Ca(NO3)2 x Meso (0.035)(4.91) 
   Minors (0.049)(4.7)  NH4NO3 x Ca(NO3)2 (0.0034)(10.41)    
   NH4NO3 x Ca(NO3)2 (0.0042)(10.54)  NH4NO3 x Meso (0.0091)(7.95)    
   NH4NO3 x Meso (0.0010)(15.25)  Ca(NO3)2 x Meso (0.0201)(6.13)    
   NH4NO3 x Minors (0.0359)(5.10)       
   Ca(NO3)2 x K2SO4 (0.0047)(10.23)       
OSU 880.054  Model (0.0033)(3.92)  Model (< 0.0001)(8.96)  Model (0.0004)(6.09) 
   Meso x K2SO4 (0.0371)(4.9)  NH4NO3 (< 0.0001)(36.44)  Ca(NO3)2 (0.0029)(10.69) 
   Ca(NO3)2 x K2SO4(0.0428)(4.60)  Minors (0.0047)(9.58)  Minors (0.0085)(8.06) 
      NH4NO3 x Minors (0.0463)(4.38)    
      Ca(NO3)2 x Minors (0.0402)(4.67)    
Sacajawea  Model (0.0148)(4.11)
y  Model (0.0056)(5.12)
y  Model (0.0065)(4.96)
y 
 
Meso (0.0056)(8.91)  Meso (0.0105)(7.46)  Ca(NO3)2 (0.0085)(7.95) 
x
z ANOVA models based on quadratic models unless otherwise noted. 
x
y ANOVA model linear with natural log transformation. 
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Table 2.7. Significant responses for leaf characteristics of hazelnut cultivars to mineral nutrient factors (p-values) (F values). 
Genotype  Leaf Size  Leaf Color  SPAD 
Dorris  Model (< 0.0001)(10.30)  Model (< 0.0001)(10.61)  Model (< 0.0001)(24.22) 
   NH4NO3 (0.0014)(12.43)  NH4NO3(< 0.0001)(33.83)  NH4NO3 (< 0.0001)(62.11) 
   Ca(NO3)2 (0.0004)(15.79)  Ca(NO3)2 (< 0.0001)(30.54)  Calicum Nitrate (< 0.0001)(29.42) 
   NH4NO3 x Ca(NO3)2 (0.0018)(7.75)  Ca(NO3)2 x K2SO4 (0.0345)(4.98)  Meso (0.0319)(5.08) 
Felix  Model (< 0.0001)(10.57)  Model (< 0.0001)(12.64)  Model (0.0156)(3.13) 
   NH4NO3 (0.0006)(16.34)  NH4NO3 (< 0.0001)(67.32)  NH4NO3 (0.0261)(5.57) 
   Ca(NO3)2 (0.001)(34.22)  Ca(NO3)2 (0.0024)(11.37)  NH4NO3 x K2SO4 (0.0458)(4.40) 
   Meso (<0.0001)(32.93)  Minors (0.0120)(7.35)    
   Meso x Minors (0.0054)(9.72)  Meso x K2SO4 (0.0265)(5.56)    
   NH4NO3 x Minors (0.0411)(4.77)       
   K2SO4 x Minors (0.0211)(6.26)       
Jefferson  Model (< 0.0001)(7.91)  Model (< 0.0001)(16.59)  Model (< 0.0001)(19.03) 
   Ca(NO3)2 (0.0017)(12.89)  NH4NO3 (< 0.0001)(41.57)  NH4NO3 (< 0.0001)(84.58) 
   Minors (0.0012)(14.09)  Ca(NO3)2 (0.0114)(7.27)  Ca(NO3)2 (0.0006)(14.96) 
   NH4NO3 x Meso (0.0141)(7.18)     Meso (0.0157) (6.65) 
   Ca(NO3)2 x Meso (< 0.0001)(30.50)       
   K2SO4 x Minors (0.0003)(18.86)       
    NH4NO3 x Ca(NO3)2 (0.0259)(5.75)       
OSU 880.054  Model (< 0.0001)(7.82)  Model (< 0.0001)(8.47)  Model (< 0.0001)(21.80) 
   Ca(NO3)2 (0.0494)(4.25)  NH4NO3 (0.0002)(17.64)  NH4NO3 (< 0.0001)(137.50) 
   Meso (0.0003)(17.76)  Ca(NO3)2 (0.0289)(5.31)  Ca(NO3)2 (< 0.0001)(45.35) 
   K2SO4 (0.0242)(5.73)  NH4NO3 x Ca(NO3)2 (0.0041)(9.79)  Meso (0.0386)(4.90) 
   NH4NO3 x Minors (0.0173)(6.47)  Ca(NO3)2 x K2SO4 (0.0155)(6.65)  Minors (0.0183)(6.61) 
   Ca(NO3)2 x Minors (0.0002)(18.72)     K2SO4 (0.0016)(13.30) 
         NH4NO3 x K2SO4 (0.0422)(4.71) 
         Meso x Minors (0.0013)(14.0) 
         NH4NO3 x Minors (0.0021)(12.44) 
         Ca(NO3)2 x K2SO4 (0.0044)(10.28) 
Sacajawea  Model (< 0.0001)(9.45)  Model (0.0001)(9.46)  Model (< 0.0001)(19.01) 
Natural log  Ca(NO3)2 (0.0130)(7.04)  NH4NO3 (0.0002)(18.05)  Ammonium Natrate (< 0.0001)(52.14) 
   Meso (0.0015)(12.43)  Ca(NO3)2 (0.0244)(5.61)  Ca(NO3)2 (< 0.0001)(23.89) 
   K2SO4 (0.0178)(6.34)  Minors (0.0385)(4.68)    43 
 
 
Table 2.8.  Significant responses of callus and exudation of hazelnut cultivars to mineral nutrient factors (p-value) (F value). 
Genotype  Callus  Exudation 
Dorris  Model (0.0024)(4.92)  Model (0.0390)(2.48) 
   NH4NO3 (0.0270)(5.44)  Ca(NO3)2 x Minors (0.0054)(4.42) 
   Ca(NO3)2 (0.0237)(5.72)    
Felix  NS  NS 
        
Jefferson  Model (0.0196)(2.85)  Model (< 0.0001)(10.32) 
   NH4NO3 (0.0049)(9.61)  NH4NO3 (0.0002)(18.40) 
   NH4NO3 x Meso (0.0282)(5.46)  NH4NO3 x Meso (0.0020)(11.51) 
        
        
OSU 880.054  Model (< 0.0001)(9.13)  Model (0.0002)(6.82) 
   NH4NO3 (< 0.0001)(36.02)  NH4NO3 (0.0052)(9.23) 
   Ca(NO3)2 (0.0389)(4.71)  Minors (0.0393)(4.69) 
   Ca(NO3)2 x Minors (0.0140)(6.90)  NH4NO3 x Minors (0.0049)(9.39) 
        
Sacajawea  Model (< 0.0001)(14.18)  Model (0.0083)(3.90) 
Natural log  NH4NO3 (< 0.0001)(54.68)  NH4NO3 (0.0024)(11.01) 
   Meso (0.0003)(18.92)  NH4NO3 x Ca(NO3)2 (0.0492)(4.23) 
   Minor (< 0.0001)(33.90)    
   NH4NO3 x Meso (0.0012)(13.97)    
   NH4NO3 x Minor (0.0002)(20.67)    
   Ca(NO3)2 x Mesos (0.0012)(13.98)    
   Meso x Minors (0.0011)(14.37)    
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Table 2.9.  ANOVA p-values for the effect of experiment at nutrient combinations genotype and 
treatments using all five C. avellana genotypes. 
 
 
 
 
 
 
 
 
Table 2.10.  ANOVA p-values from the quantitative ionic analysis of the element concentrations 
compared to control.  
   P-values 
   Ca  K  Mg  Na 
Genotype  0.14  0.0062  0.36  0.017 
Treatment  0.019  0.0031  0.0116  0.0056 
 
Table 2.11. The mineral nutrients of five hazelnut media.  MS  (Murashige and Skoog 1962), 
WPM (Mccown and Lloyd, 1981), HM (Bacchetta et al., 2008), NRM (Nas and Read, 2004) and 
DKW. 
   MS  WPM  HM  NRM  DKW  DKW 
1.5x 
DKW 
2.0x 
Macro nutrients (mM)                      
NH4NO3   20.61  5.00  20.61  6.62  17.69  26.53  35.38 
Ca(NO3)2·4H2O   -  2.35  -  2.96  8.30  12.45  16.60 
CaCl2·2H2O   2.99  0.65  1.30  0.61  1.00  1.50  2.00 
MgSO4·7H2O   1.50  1.50  0.92  6.49  3.00  4.50  6.00 
KNO3   18.79  -  18.20  5.44  -  -  - 
KH2PO4   1.25  1.25  0.59  9.55  1.90  2.85  3.81 
K2SO4  -  5.68  0.42  -  8.95  13.43  17.90 
Minor nutrients (µM)                      
H3BO3   100.26  100.26  109.96  100.26  77.62  116.43  155.24 
CuSO4·5H2O   0.10  1.00  0.09  10.01  1.00  1.50  2.00 
MnSO4·H2O   99.99  131.94  388.08  118.34  198.21  297.32  396.43 
Na2MoO4·2H2O  1.03  1.03  0.00  10.33  1.61  2.42  3.22 
ZnSO4·7H2O  29.91  29.91  8.94  30.60  -  -  - 
Zn(NO3)2·6H2O  -  -  0.00  -  57.14  85.72  114.29 
Sequestrene 138 Fe *  -  -  0.00  229.99  459.98  459.98  459.98 
FeSO4·7H2O   99.99  99.99  103.30  -  -   -  - 
Na2·EDTA  100.20  100.20  100.20  -     -  - 
KI  5.00  -  5.12  -  -  -  - 
CoCl2·6H2O   0.11  -  0.13  -  -  -  - 
*Modified Iron source (Yu and Reed 1995) 
         
   Quality 
Shoot 
Length 
Shoot 
Number  Callus 
Genotype   0.1594  0.0024  0.4547  0.0002 
Treatment  0.1007  0.0311  0.8328  0.0516 45 
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ABSTRACT 
 
Hazelnut (Corylus avellana L.) is difficult to micropropagate and many cultivars fail to 
thrive on standard growth media. Our initial study of five C. avellana cultivars showed that 
changes in mineral nutrients, including doubling the minor elements, produced improved growth 
and shoot quality. The objectives of this study were to determine the effects of the individual 
minor mineral nutrients from Driver and Kuniyuki Walnut (DKW) medium and if nickel is 
required for optimal growth. Six factors at  0.5x to 4.0x DKW  concentrations,  [H3BO3, 
CuSO4
.5H2O, MnSO4
.H2O, Na2MoO4
.2H2O, Zn(NO3)2
.6H20, and NiSO4
.6H2O], were tested in 
a response surface design with 39 treatment combinations. Ni, not present in DKW, ranged from 
0 to 6 µM. Higher concentrations (4x) of B, Mo, and Zn increased overall shoot quality, length 
and multiplication. There were many significant interactions. High B concentrations significantly 
improved shoot quality for ‘Jefferson’; shoot quality, length and number for ‘Dorris’; and shoot 
length and number for ‘Sacajawea’. Increased Mo improved some responses for each cultivar, 
although it also interacted with Cu and Zn. Interactions of Ni with other minor nutrients improved 
the shoot quality and length in ‘Sacajawea.’ Ni interactions were significant for the other cultivars 
as well, and altered the requirements for other nutrients, but did not necessarily improve the 
overall shoot response. Improved growth and shoot quality in ‘Dorris’ and ‘Jefferson’ required 
increased amounts of B, Mo and Zn; ‘Sacajawea’ required increased B, Cu, Zn, and Ni. The 
diverse responses of these cultivars further confirmed  that nutrient uptake or utilization was 
genotype dependent.  
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Introduction 
Micropropagation is an option for producing large quantities of clonal  hazelnut (C. 
avellana)  cultivars.  Although  commercial nurseries  produce hazelnuts  through layering  and 
grafting, the process is not as efficient as for other more easily propagated plants. Hazelnuts are 
variable in their response to micropropagation; some do not establish, multiply or elongate in 
culture. Routine hazelnut micropropagation protocols are often modifications of commonly used 
media, or modify the plant growth regulators without changing the mineral nutrients (Andres et 
al., 2002; Bassil et al., 1992; Damiano et al., 2005; Nas and Read, 2001; Yu and Reed, 1993; Yu 
and Reed, 1995). The chemical composition of growth medium can be essential for successful 
micropropagation and new methods are being used to determine improved nutrient combinations 
(Adelberg et al., 2010; Niedz and Evens, 2007; Reed et al., 2013). Few studies have looked at the 
effects of minor nutrients on in vitro plant growth. 
Plants require 17 essential elements to sustain healthy growth and development. Of these, 
the  minor nutrients  are  components of enzymes and needed only  in  very  small amounts 
(Marschner, 1995). The minor nutrients required for plant growth are B, Cl, Co, Cu, Mn, Mo, Ni, 
Na, Si and  Zn. For most  plants  the tissue content of minor  nutrients  usually  exceeds the 
physiological requirements, but minor  nutrient deficiencies are common  in certain soil types 
(Bennett, 1993). Analysis of Oregon-grown hazelnut leaf tissues found a wide range of minor 
nutrients in healthy leaves: 26-650 ppm Mn, 51-400 ppm Fe, 5-15 ppm Cu, 31-75 ppm B, and 16-
60 ppm Zn (Olsen, 2001).  
Most plant tissue culture media do not contain all the essential minor nutrients (Co, Ni, 
Si) because they are required in such small amounts that the agar or gellan gum gelling agents 
contain an adequate supply (Singha et al., 1985; Williams, 1993). Although Ni is not used in 
DKW (Driver and Kuniyuki, 1984), WPM (Lloyd and McCown, 1980), or MS (Murashige and 
Skoog, 1962) media, it may improve the culture of many plants. George (2008) suggested that 0.1 
µM Ni could be added to culture medium without harm. Witte et al. (2002) found that addition of 
100 to 200 nM (1.0 to 2.0 µM) NiSO4 to MS medium was sufficient to increase urease activity in 
cultured potato leaves. They noted that the amount of urease activity depended on the amount of 
added Ni, and also depended on the chemical make-up of the agar. Addition of Ni also increased 
shoot regeneration of Jactropha curcas leaf explants (Sarkar et al., 2010).  48 
 
  There are only a few studies on the effects of minor nutrients on in vitro cultures of 
hazelnut and they had very different results. Nas and Read (2004) made many modifications to 
common media to produce NRM medium, including a 10x increase in the minor elements Cu and 
Mo. Italian hazelnut cultivars had improved growth with an altered MS medium minor nutrient 
content: Mn was increased to 4x, Zn decreased to 0.34x and Mo was eliminated from the medium 
(Bacchetta et al., 2008). Our earlier study of the mineral nutrients required for optimal hazelnut 
micropropagation determined that all of the five cultivars studied grew best with twice the normal 
DKW level of minor nutrients stock, the highest concentration tested (chapter 2). 
 
The objective of this study was  to determine the effect  of  the  six  individual  minor 
nutrient mineral factors on the growth and development of three hazelnut cultivars. A second 
objective was to determine if the minor nutrient Ni was required or would promote hazelnut 
growth. A response surface design was used for modeling plant responses. 
 
Material and Methods 
 
CULTURE AND CONDITIONS.  ‘Dorris’,  ‘Jefferson’, and ‘Sacajawea’  hazelnuts  were 
grown on NCGR-COR medium (Yu and Reed, 1995) composed of  DKW mineral salts, with per 
liter: 30 g glucose, 200 mg·L
-1 sequestrene 138 Fe, 2 mg·L
-1 thiamine, 2 mg·L
-1 nicotinic acid, 2 
mg·L
-1 glycine, 1 g·L
-1 myo-inositol, 22.2 μM N
6 benzyladenine (BA), 0.049 μM indole-3-butyric 
acid (IBA) and 0.5% (w/v) agar  (PhytoTechnology  Laboratories  A1111). Medium in tissue 
culture boxes (Magenta GA7, Magenta, Chicago, IL), 40 ml per box, was autoclaved at 121°C for 
20 min. Cultures were transferred to new medium at three week intervals. Growth room 
conditions were 25°C with a 16-h photoperiod of half warm-white and half cool-white fluorescent 
illumination. The average illumination measured at the top of the vessels was 70-90 µmol∙m
2s
-1.  
 
MINERAL NUTRITION. Experimental design for modeling the responses was done with 
the software program Design-Expert® 8 (Design Expert, 2010). The three cultivars were tested 
using a multi-factor  response surface  design. The minor  nutrients were separated into six 
independent factors, creating a six-dimensional experimental design space:  H3BO3, 
CuSO4
.5H2O, MnSO4
.H2O, Na2MoO4
.2H2O, Zn(NO3)2
.6H20, and NiSO4
.6H2O (Table 3.1). The 
minor element concentrations ranged from 0.5 to 4.0x the standard DKW amounts, and Ni was 
set at zero to 6 µM based on the literature (Witte et al., 2002). Design points were selected 
algorithmically by D-optimality criteria to sample the design space. Treatments were developed 49 
 
from design points. There were 39 treatments run in two sets with DKW controls in each set and 
internal replications  (Table 3.2). All treatments had the standard DKW macro nutrients  and 
vitamins, 30 g glucose, 200 mg sequestrene Fe 138 and 8 μM BA.  
 
EXPERIMENTAL MAINTENANCE.  At initial planting,  shoots were cut to 2.5 cm with 
apical meristems removed. For each transfer, shoots were cut above the basal zone, the lower 
leaves removed and each piece cut to about 2.5 cm. Each treatment consisted of two boxes with 
five shoots (2.5 cm) for each genotype. Boxes were randomized on the growth room shelf. Shoots 
were grown on each treatment medium for 13 weeks with transfers to the same medium at 3 week 
intervals, and the last growth period for 4 weeks.  
 
DATA COLLECTION. Three plants taken from standard points in each box (at a diagonal 
from the corner label) were examined for eight responses (n=6). The remaining shoots were 
photographed. Shoot quality was a subjective visual assessment of shoot vigor and form: 1=poor, 
2=moderate and 3=good. Shoots  longer than 5 mm were  counted.  The longest shoots were 
measured in millimeters. Leaf color was rated 1= yellow, 2=light green, and 3=dark green. A 
portable Soil–Plant Analysis Development (SPAD) 502 chlorophyll meter (Minolta Camera Co. 
Ltd., Tokyo, Japan) was used to quantify the chlorophyll content of the second leaf from the top 
of the shoot. Callus size was rated: 1=callus > 2mm, 2=callus ≤ 2 mm, and 3=absent. Leaf size 
was rated: 1=small, 2=medium, 3=large.  
STATISTICAL ANALYSIS. The mean plant responses from the six plants of each genotype 
grown in the same treatment were used for analysis by response surface modeling. The data were 
analyzed  using  Design-Expert  8 (Design Expert, 2010) and the highest order polynomial 
predictor models were used to model the plant responses in the six-dimensional design space.  
The full model included linear and quadratic terms is given in appendix B. Backward elimination 
regression was used to remove factors from the full model that were not significant in a stepwise 
manner. Models and factors with p-values ≤ 0.05 were considered significant. Example of the 
statistical output from a genotypes response to the nutrient factors is shown in appendix B. 
Results 
The response surface design of the experiments resulted in graphs that are projections of 
the best treatments, based on the data collected from the design points (treatments). Responses to 
the mineral nutrient factors by genotype are shown below. The statistical analysis and graphs 50 
 
reflect the factors with the greatest influence on each response. For each genotype the two most 
significant factors were used as the axes in the design graphs. Graphs with and without Ni are 
presented when Ni was a significant factor. 
QUALITY. There were significant models (p ≤ 0.03) for quality for the three genotypes 
(Table 3.3). The highest quality on the graphs is indicated by a rating of 3. Many treatments 
produced shoots with better quality than the controls (Fig. 3.1).  ‘Dorris’ had many significant 
interactions for overall quality.  Interactions of B and Mo with other factors were significant 
(Table 3.3). High B, Zn and Mo combined with low Mn and Cu, without Ni, produced the best 
quality (Fig. 3.2A). High Mo and low Cu were required for the best quality, and interactions of 
high concentrations of Zn and B increased quality. Treatment eight is displayed on the graph 
(Table 3.2, Fig. 3.2). Several interactions with Ni were highly significant. A high concentration of 
Ni reduced the need for B and produced equivalent or better shoot quality to those with high B 
and no Ni (Fig. 3.2B). ‘Jefferson’ quality was significantly improved only by B (Table 3.3). 
Increasing B increased overall quality, and none of the other factors were significant (Fig. 3.2C). 
There was no effect of Ni.  ‘Sacajawea’ had significant interactions of Cu x Zn and Mn x Ni 
(Table 3.3). Without Ni in the medium, high concentrations of both Cu and Zn improved shoot 
quality (Fig. 3.2D). High concentrations of Ni, Mn and Cu with low Mo increased quality even 
more (Fig. 3.2E).  
 
SHOOT LENGTH. All three genotypes had significant models (p<0.006) for shoot length 
(Table 3.3). The ideal shoot length for hazelnut is 40 to 60 mm in a 4 week period. High levels of 
B produced the longest shoots among all genotypes (Fig. 3.3). ‘Dorris’ had the smallest shoots of 
the three tested (≤40mm). High levels of B with low Zn increased shoot length for ‘Dorris.’ The 
Cu x Mo interaction was significant, where 2x Mo with high Cu and B increased shoot length to 
40 mm (Fig 2A). High Ni, B, Mn and Cu combined with low Mo and moderate Zn also produced 
long shoots (Table 3.3, Fig. 3.3B). For ’Jefferson,’ high B and low Zn concentrations resulted in 
increased (50 mm) shoot length compared to the control treatment (44 mm) displayed on the 
graph  (Fig. 3.3C,  Table 3.3).  ‘Sacajawea’ required high B  for  significantly improved shoot 
length, and Mn interacted with Mo and Ni (Table 3.3). High B and Mo concentrations with low 
Mn  produced the best shoot length (54 mm) (Fig. 3.3D).  Ni interacted with Mn and Mo to 
produce increased shoot length (55 mm) when Ni, B and Mn were high and all other was low 
(Fig. 3.3E).  
 51 
 
SHOOT NUMBER. ANOVA models were significant for ‘Dorris’ p<0.003 and ‘Jefferson’ 
p<0.009 but not for ‘Sacajawea’ (Table 3.3). For ‘Dorris’ B, Cu and Zn were significant for shoot 
number (Table 3.3); high levels of B with low Zn and Cu produced more shoots (2.6) than the 
control (2)(Fig. 3.4A). ‘Jefferson’ shoot number was influenced by B x Mn, Ni x Mn and Ni x 
Mo interactions (Table 3.3). Shoot number increased (2.5 shoots) with high B and Mo with low 
Mn (Fig. 3.4B). High Ni and Mn with low Mo and B also resulted in increased shoots (> 2.8 
shoots) (Fig. 3.4C). 
 
CALLUS. ‘Dorris’ and ‘Jefferson’ responses were significant for callus p< 0.002, but 
‘Sacajawea’ response was not significant (Table 3.3). ‘Dorris’ had significant interactions B x Zn, 
Cu x Mo, and Cu x Zn; Ni was not significant (Table 3.3) (Fig. 3.4). The least amount of callus 
(rating of 3) was projected with high Zn and low Cu, B, and Mo. ‘Sacajawea’ had a large amount 
of callus, however there were no significant effects of minor elements on callus production. 
‘Jefferson’ had many significant interactions for callus production (Table 3.3). High Zn, Mo, and 
Mn and moderate levels of Cu were projected to produce the least callus (Fig. 3.4). There were Ni 
x Zn and Ni x B interactions for ‘Jefferson.’ Ni did not reduce callus. 
 
LEAF CHARACTERS.  Leaf size models were significant  for ‘Dorris’ and ‘Jefferson’. 
Shoots with a leaf size rating of two were considered the best size. ‘Dorris’ had a significant 
interaction of Cu x Ni for leaf size (Fig. 3.5A). ‘Jefferson’ leaf size was influenced by Zn, Ni, and 
B x Cu (Fig. 3.5B). ‘Sacajawea’ leaf size was not significant for any of the minors, but leaf color 
showed a B x Cu interaction and Ni was also significant. SPAD models were all significant 
(Table 3.4). Leaves with a SPAD reading of 20 are yellow, 25 to 30 are green, and at 35 leaves 
are dark green B, Cu and a Cu x Mn interaction for leaf color and multiple interactions with Ni 
were significant for ‘Dorris’ SPAD (Table 3.4). Increased Cu, Mn, Zn, moderate to high B and 
lower Mo increased SPAD readings (Fig. 3.5C). Adding Ni also increased SPAD readings, but 
required low Mn and moderate to high B (Fig. 3.5D). Leaf color was affected by B x Ni and Cu x 
Zn interactions and SPAD by B x Mn and Cu x Ni interactions (Table 3.4). Decreasing B and 
raising Mo and Cu increased SPAD readings to 30; adding Ni increased SPAD reading to 32 (Fig. 
3.5E-F).‘Sacajawea’ SPAD responses showed multiple interactions with Zn and Cu; B and Mn 
were also significant (Table 3.4). Increased Cu and Mn with low Mo, B, and Zn increased the 
projected SPAD reading to 35. Adding Ni (3µM) raised the SPAD reading slightly (Fig. 3.5G-F). 
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Discussion 
 
Studies of minor nutrients in vitro are not common, although these chemicals play an 
important role in the growth of all plants. The likelihood of important effects in vitro should not 
be overlooked, however studying them is very complex because minor nutrients interact greatly 
with other nutrients. The use of modeling software in this study demonstrates  the many 
interactions of minor nutrients in plant growth medium and their effects on plant growth. This 
software also allows the  visualization of  many combinations of minor elements required  in 
medium formulations.  
 
One difficulty, not readily apparent in working with minor nutrients, is that sources of 
agar contain widely variable amounts of minor nutrients (Scholten and Pierik, 1998; Williams, 
1993). This is  likely to be a major  source of the  variation in plant response seen  between 
laboratories. Agar composition analysis is highly recommended before adjusting minor nutrients. 
Scholten and Pierik (1998) analyzed seven agar brands and Gelrite and found that they contained 
a wide range of concentrations of the required minor nutrients. Williams (1993) analyzed several 
agars and also found that each source varied greatly in mineral content. We used 0.5% agar from 
PhytoTechnology (A111) containing: B 24.8 ppm, Cu 9.3 ppm, Fe 86.5 ppm, Mn 53.4 ppm, Mo 
11.2 ppm and Zn 21.1 ppm (Poothong, unpublished). The composition of our agar was different 
from those of gelling agents tested by Scholten and Pierik (1998) and Williams (1993). For 
example, B ranged from 1.4 ppm in Gelrite to 34 ppm in BiTek agar to 109 ppm in Bacto agar 
(Williams, 1993); Mn varied from 0.3 ppm in Bacto agar to 0.5 ppm in BiTek agar and 5.3 ppm 
in Gelrite. Ni ranged from not detected in Difco Bacto agar to 0.037 ppm in Merck 1614 agar 
(Scholten and Pierik, 1998). The nutrient levels of our gelling agents are likely different from 
those of previous hazelnut media formulation studies. Bacchetta et al. (2008) used 0.7% Plant 
Agar (Duchefa, Haarlem, Netherlands)  while  Nas and Read (2004)  used  0.6% Sigma agar. 
Depending of the agar brand and batch number, the amount of nutrients could vary because some 
nutrients are mobile and others are immobilized by the agar (Scholten and Pierik, 1998).  
Plants use B in the metabolism of phenolic acids, and lignin biosynthesis. B is necessary 
for meristematic activity (George, 2008), and is directly related to cell wall maintenance (Hu et 
al., 1996);  B deficiency can affect auxin transport  (Bairu et al., 2009).  We found that B 
significantly influenced many aspects of hazelnut growth due to multiple interactions with other 
minor nutrients; concentrations 4x DKW (310 µM) produced the best growth (Table 3.3, Fig. 3.1-
3).  Improved shoot growth was noted on high B concentrations and significantly improved 53 
 
quality for ‘Jefferson’, shoot quality, length and number for ‘Dorris’, and shoot length and 
number for ‘Sacajawea’  (Fig. 3.1).  Lopez-Lefebre et al. (2002)  found that increasing B 
concentrations from 1 to 30 µM  in tobacco increased leaf and root biomass.  B positively 
increased uptake of N, P, K, Na, Fe, Mn and decreased uptake of Zn, Mg, and Cu; B and Ca had a 
synergistic effect. We also found multiple interactions of B with Cu, Zn, and Ni (Table 3.3-4). 
Increased B (from 0.1 to 6 mM) in MS medium for apple tissue culture resulted in increased P, 
Ca and Mg in shoots while K, Fe, Mn and Zn decreased (Mouhtaridou et al., 2004). High B 
decreased  apple shoot chlorophyll content as indicated by SPAD measurement. The SPAD 
readings of hazelnuts indicated that a high chlorophyll content (SPAD >30) was observed at all B 
concentrations for two of the three genotypes; ‘Dorris’ with high B had the highest SPAD. By 
comparison, B in leaves from field trees ranges from 31 to 75 ppm for normal trees and <25 ppm 
in deficient plants (Olsen, 2001). 
   DKW, WPM and HM all contain about 1.0 µM Cu; however Cu ranges from 0.1 to 1.0 
µM in plant culture media (George, 2008). There were Cu interactions for most of the responses 
for ‘Dorris’ and for quality for ‘Sacajawea.’ In our study, the concentration of Cu for quality, 
shoot number, and shoot length was projected to be best for ‘Dorris’ and ‘Jefferson’ at moderate 
to low levels (0.5x-2.0x) (Fig. 3.1-4). When Cu was increased for ‘Sacajawea,’ quality increased 
(Fig. 3.2) but shoot length decreased (Fig. 3.3); the opposite was seen for ‘Dorris’ where less Cu 
improved quality and more Cu with high Mo improved shoot length  unless Ni was present. 
Oregon hazelnut cultivars grown on standard DKW Cu (1 µM) averaged 34-43 mm shoot length, 
but treatments with 0.5x Cu were  often  taller (Fig. 3.1).  In a similar study, four hybrid C. 
americana x C. avellana hazelnuts grown with 10.1 µM CuSO4∙5H2O, 400 mg l
-1myo-inositol 
and 10 µM Mo produced 35-50 mm shoots (Nas and Read, 2004). We only found the Cu x Mo 
interaction in ‘Dorris’, indicating a likely genotype-dependent reaction that may also apply to the 
hybrid hazelnuts in the Nas and Read (2004) study. Several other studies found improved shoot or 
embryo production with increased Cu concentrations (Jain et al., 2012; Joshi and Kothari, 2007; 
Kothari-Chajer et al., 2008). The opposite effect was found for day lilies (Hemerocallis) where 
the relatively low concentration of Cu in MS medium (0.1 µM) was too high for optimal growth 
(Adelberg et al., 2010).   
The concentrations of Zn in tissue culture media range from 0.1 to 70 µM (George, 
2008). Increasing Zn to 4x (50.2 µM) resulted in high quality ratings for ‘Dorris’ and ‘Jefferson,’ 
but was not significant for ‘Sacajawea’ quality, although 0.5x to 1.0 x Zn resulted in the best 
shoot length and numbers. This large range may indicate that hazelnuts trees are tolerant of high 54 
 
Zn  concentrations.  Zn in healthy field-grown hazelnut trees varies from 16 to 60 ppm with 
deficiencies noted at <10 ppm (Olsen, 2001). Kothari-Chajer et al. (2008) found that excluding 
Zn in MS reduced callus regeneration in millet.  
 
Mo is required in lower amounts for most plants than all the other minor nutrients except 
Ni (Marschner 1995).  We found that  Mo affected many responses and was involved in 
interactions with other nutrients (Table 3.3). Optimal Mo concentrations were 4x (6.4 µM) for the 
best quality ratings (Fig. 3.2), while requirements for shoot length varied due to interactions with 
Ni in some genotypes (Fig. 3.3). Increasing Mo is in agreement with Nas and Read (2004) where 
10.3 µM Mo was deemed optimal when combined with high Cu, and is 10x more than MS and 
WPM (Table 3.5). Bacchetta et al. (2008) found no Mo in their leaf samples and did not include it 
in the medium; it is possible that the agar used contained enough Mo for normal growth.  
Low (100  µM) or normal (200 µM) DKW Mn concentrations resulted in improved 
quality,  shoot length and shoot number in the  hazelnuts in this study  (Fig.  3.2-4). Mn x Ni 
interactions resulted in an increased Mn requirement for ‘Dorris’ and ‘Sacajawea’ for quality 
(Fig. 3.1). Increasing Mn to 4x (800 µm) improved SPAD for two of the three cvs. Standard 
DKW Mn concentrations are double those of the other commonly used media (Table 3.5).The 
concentrations of Mn in other tissue culture media range from 25 to 150 µM (George, 2008). 
Millet callus grown on  400 µM  Mn had improved fresh weight compared to MS medium 
(Kothari-Chajer et al., 2008). Jain et al. (2012) tested MS minor nutrient concentrations on Stevia 
rebaudiana and found that increasing Mn to 400 µM doubled the shoot number and increased 
chlorophyll content.  
 
Ni is not included in most plant tissue culture media, possibly because it is present in 
most types of agar (Witte et al., 2002). In our study interactions of Ni were significant and altered 
the requirements for other nutrients, but did not necessarily improve the overall shoot response 
(Fig. 3.1,  Table 3.3).  Adding Ni at 6 µM provided higher quality ratings for ‘Dorris’ and 
‘Sacajawea’ (Fig. 3.1) with low levels of B. ‘Dorris’ shoot length could be increased with added 
Ni (6 µM) along with higher Mo and lower Cu. ‘Sacajawea’ shoot length increased with added Ni 
(6 µM) and reduced Mo (Fig. 3.2). The addition of 6 µM Ni, interacting with high concentrations 
of Mn, greatly improved shoot quality and length in ‘Sacajawea’. Kropat et al. (2011) found that 
25 µM Ni was suitable for Chlamydomonas, but if chelating agents were added, more Ni was 
required.  Moraes et al. (2009)  grew  rice  plants  in a nutrient solution with  a range of 55 
 
concentrations of Ni and Mo; after 21 days,  leaves exposed to 10  µM  Ni  had more shoot 
regeneration than those grown without Ni. Sarkar et al. (2010) found 1000 µM Ni to have toxic 
effects. Rout et al. (1998) increased the number of somatic embryos per culture for Setaria italic 
by >4 times on medium with 6.5 µM Ni, but embryogenesis declined at higher concentrations. 
Overall addition of Ni to DKW medium produced significant interactions with the other minor 
nutrients.  
Conclusion 
Our results indicated that minor nutrient interactions were common in DKW medium and 
significantly affected the growth of hazelnut shoot cultures. Changing the mineral nutrients in 
growth media is a tedious process, mostly due to these interactions. In addition the contribution of 
agar to minor nutrient composition of growth media further complicated the issue. The diverse 
response of these three genotypes confirms that nutrient uptake or utilization varies based on 
genotype. Improved growth and shoot quality in ‘Dorris’ and ‘Jefferson’ required increased B, 
Mo and Zn with low Mn and Cu; ‘Sacajawea’ required increased B, Mn, Zn and Ni with low Mo 
for the best growth. These minor nutrient requirements will be incorporated into suggestions for 
several improved hazelnut growth media for use with diverse hazelnut cultivars. 
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Figure 3.1.  ‘Dorris’, ‘Jefferson’, and ‘Sacajawea’ hazelnuts grown on control and minor nutrient treatments that produced high quality 
ratings. 60 
 
 
Figure 3.2. Response surface graphs of minor mineral nutrient effects on quality for three 
hazelnut cvs.  A) ‘Dorris’ excluding nickel, B) ‘Dorris’ with nickel, C) ‘Jefferson’ with boron 
(only significant factor), D) ‘Sacajawaea’ excluding nickel, and E) ‘Sacajawea’ with nickel. The 
quality ratings are color coordinated from highest (red to yellow) to lowest quality (green to 
blue). 61 
 
 
Figure 3.3. Response surface graphs of minor nutrient projection effects on shoot length (mm) 
for three hazelnut cvs.  (A) ‘Dorris,’  (B)‘Dorris’ with nickel, (C) ‘Jefferson’ shoot length, (D) 
‘Sacajawaea’ excluding nickel, and (E) ‘Sacajawea’ with nickel. The shoot lengths are color 
coordinated from highest (red to yellow) to lowest shoot length (green to blue). 62 
 
 
 Figure 3.4. Response surface graphs of minor mineral nutrient projection effects on shoot 
number for two hazelnut cvs.  (A) ‘Dorris’, (B) ‘Jefferson,’ and (C) ‘Jefferson’ with nickel. 
Response surface graphs of mineral nutrient projection effects on callus (1-3 rating) for three 
hazelnut cvs.  (D) ‘Dorris,’ (E) ‘Dorris’ with nickel, (F) ‘Jefferson,’ (G) ‘Jefferson’ with nickel, 
The shoot number and callus ratings are color coordinated from lowest (red to yellow) to highest 
callus production (green to blue). 63 
 
 
 
Figure 3.5. Response surface graphs of minor mineral nutrient projection effects on leaf size (1-3 
rating) for two hazelnut cvs.  (A) ‘Dorris’, (B) ‘Jefferson.’ Response surface graphs of mineral 
nutrient projection effects on SPAD (1-3 rating) for three hazelnut cvs.  (C) ‘Dorris,’ (D) ‘Dorris’ 
with nickel, (E) ‘Jefferson,’  (F) ‘Jefferson’ with nickel,’ (G)‘Sacajawaea,’ and (H) ‘Sacajawea’ 
with nickel. The leaf size and SPAD ratings are color coordinated from highest (red to yellow) to 
lowest (green to blue). 64 
 
Table 3.1. The six experimental factors used to construct the 6-dimensional design space, the 
DKW minor elements that constituted the factors, and the concentration ranges based on 0.5-4.0 x 
DKW levels.  *Factor 6 NiSO4 is not in the standard DKW medium. 
 
 
Factors  Minors  Standard (µM)  0.5x (µM)  4.0x (µM) 
1  H3BO3  77.6  38.8  310.4 
2  CuSO4
.5H2O  1.0  0.5  4 
3  MnSO4
.H2O  200.0  100  800 
4  Na2MoO4
.2H2O  1.6  0.8  6.4 
5  Zn(NO3)2
.6H2O  57.2  28.6  228.8 
  
     
  
6*  NiSO4 6H2O  0  0  6 65 
 
Table 3.2. Six factor design of minor nutrients including 39 (treatment points). Design points 1-
39 were assigned to groups; group 1 (points 1-17) and group 2 (points 18-39), one modified 
DKW (Yu and Reed 1995) was run with each group (Treatment 40 and 41). 
 
               Factor 1  Factor 2   Factor 3  Factor 4  Factor 5  Factor 6 
Treatment  H3BO3  CuSO4
.5H2O  MnSO4
.H2O  Na2MoO4
.2H2O  Zn(NO3)2
.6H2O  NiSO4 
1  0.50  4.00  1.13  1.38  0.50  6.00 
2  0.52  4.00  0.68  4.00  3.55  5.55 
3  2.95  0.50  4.00  4.00  4.00  6.00 
4  3.91  4.00  3.20  0.50  2.97  1.65 
5  2.83  0.50  0.50  1.95  0.50  2.04 
6  0.50  4.00  4.00  0.50  0.80  1.29 
7  4.00  4.00  0.50  2.88  2.20  0.12 
8  2.76  0.50  0.50  4.00  4.00  0.00 
9  4.00  4.00  4.00  4.00  4.00  0.00 
10  4.00  0.50  1.56  0.50  2.22  6.00 
11  0.50  3.13  4.00  4.00  0.50  6.00 
12  3.21  4.00  0.50  0.50  4.00  6.00 
13  4.00  0.50  4.00  4.00  0.50  0.60 
14  0.50  2.51  0.50  4.00  0.50  0.00 
15  0.50  0.50  2.64  0.68  4.00  2.14 
16  4.00  0.50  4.00  0.50  4.00  0.39 
17  4.00  2.32  0.50  4.00  0.50  6.00 
18  2.18  1.03  4.00  0.66  0.50  5.22 
19  0.50  0.50  0.50  1.80  4.00  6.00 
20  1.01  0.50  1.81  4.00  1.59  4.71 
21  2.44  4.00  2.36  4.00  0.50  2.70 
22  4.00  4.00  4.00  1.85  1.94  5.46 
23  2.44  4.00  2.36  4.00  0.50  2.70 
24  2.25  2.25  2.41  2.46  2.39  3.06 
25  1.15  2.39  0.50  0.50  2.46  2.70 
26  1.15  2.39  0.50  0.50  2.46  2.70 
27  0.69  3.06  3.48  0.50  3.79  6.00 
28  3.99  0.50  0.85  0.77  3.73  0.00 
29  4.00  2.13  2.04  2.67  4.00  3.30 
30  0.50  0.50  2.36  0.50  1.11  0.00 
31  4.00  2.13  2.04  2.67  4.00  3.30 
32  2.18  2.22  3.60  2.44  2.16  0.00 
33  4.00  3.13  2.20  0.50  0.50  0.00 
34  0.71  4.00  1.73  1.44  4.00  0.00 
35  2.25  2.25  2.41  2.46  2.39  3.06 
36  2.18  2.22  3.60  2.44  2.16  0.00 
37  0.50  0.68  4.00  3.72  4.00  1.83 
38  4.00  4.00  0.50  2.53  2.37  4.80 
39  0.96  4.00  3.60  4.00  3.73  4.77 
40   1.00  1.00  1.00  1.00  1.00  0.00 
41  1.00  1.00  1.00  1.00  1.00  0.00 66 
 
Table 3.3.  Significant responses for quality, shoot length, and shoot number and callus of hazelnut cultivars to minor mineral nutrient 
factors (p-values) (F values). 
   
Genotype  Quality  Shoot Length  Shoot Number  Callus 
Dorris  Model (<0.0001) (6.78)  Model (0.0009)(4.35)  Model (0.0025)(5.76)  Model (0.00192)(3.44) 
   B (0.0011) (13.55)  B (0.0001)(19.03)  B (0.0166)(6.32)  BxZn (0.0181)(6.30) 
   BxCu (0.0009)(14.12)  Zn (0.0046)(9.42)  Cu(0.0176)(6.19)  CuxMo (0.0011)(13.22) 
   BxZn (0.0128)(7.15)  BxNi (0.0418)(4.54)  Zn (0.0101)(7.38)  CuxZn (0.00174)(11.98) 
   BxNi (0.0088)(8.01)  CuxMo (0.0247) (5.61)       
   CuxMo (0.0001)(25.49)          
   MnxMo (0.0017)(12.26)          
Jefferson  Model (0.0292)(3.36)  Model (0.0059)(3.75)  Model(0.0082)(3.11)  Model (0.0001)(5.41) 
   B (0.0141)(6.66)  B (0.0007)(14.17)  BxMn (0.238)(5.69)  B (<0.0001)(30.22) 
      Zn (0.0372)(4.72)  MnxNi (0.0073)(8.32)  BxNi (0.0094)(7.90) 
         MoxNi (0.0220)(5.86)  CuxZn (0.0296)(5.32) 
            MnxMo (0.0114)(7.46) 
            MoxZn (0.0185)(6.35) 
            ZnxNi (0.0806)(3.32) 
              
Sacajawea  Model (0.0149)(2.85)  Model (0.0020)(3.83)  Model (0.0753)(2.08)*  Model (Not Significant) 
   CuxZn (0.0261)(5.48)  B (0.0297)(5.25)  Mo ^2 (0.0103)(7.43)    
   MnxNi (0.0073)(8.30)  Mn (0.0265)(5.49)       
      MnxMo (0.0054)(9.10)       
      MnxNi (0.0065)(8.65)       
      MoxNi (0.0231)(5.78)       
              67 
 
 
Table 3.4.  Significant responses for leaf size, leaf color and SPAD of hazelnut cultivars to minor mineral nutrient factors (p-values) (F 
values). 
Genotype  Leaf Size  Leaf Color  SPAD 
Dorris  Model (0.0313)(2.38)  Model (<0.0001)(6.79)  Model(<0.0001)(5.92) 
   CuxNi (0.0017)(12.10)  B (<0.0001)(30.16)  Ni(0.0215)(5.93) 
      Cu (0.0176)(6.32)  BxZn (0.0050)(9.30) 
      CuxMn (0.0030)(10.39)  CuxZn (0.0457)(4.37) 
         MnxMo (0.0109) (7.43) 
         MnxNi (0.0004)(16.06) 
           
Jefferson  Model(0.0240)(2.74)  Model(0.0003)(5.04)  Model (<0.0001)(9.10) 
   Zn (0.0286)(5.26)  Cu (0.0008)(14.14)  B (0.0010)(13.30) 
   Ni (0.0243)(5.59)  Zn (0.0110)(7.42)  Mn (0.0007)(14.21) 
   BxCu (0.0410)(4.53)  Ni (0.0017)(11.98)  Ni (0.0011)(12.85) 
      BxNi (0.0006)(14.79)  BxMo (0.0013)(15.54) 
      CuxZn (0.0044) (9.59)  CuxNi (0.0453)(4.35) 
           
Sacajawea  Model (Not Significant)   Model (0.0090)(3.48)  Model (0.0005)(4.69) 
      B (0.0183)(6.16)  B (0.0145)(6.80) 
      Ni (0.355)(4.81)  Mn (0.0476)(4.29) 
      BxCu (0.0338)(4.91)  CuxMo (0.0043)(9.68) 
         CuxZn (0.0442)(4.44) 
         MnxZn (0.0380)(4.74) 
         MoxZn (0.0085)(8.02) 
       68 
 
Table 3.5.  Medium comparison of minor elements of  DKW (Driver and Kuniyuki 1984), MS 
(Murashige and Skoog 1962),  WPM (McCown and Lloyd 1988), NRM (Nas and Read 2004), 
and HM (Bacchetta et al 2008) 
Minor Elements (µM)  DKW  MS  WPM  NRM  HM 
H3BO3  77.6  100  100  100.26  109.96 
CuSO4
.5H2O   1  0.1  1  10.01  0.09 
Na2MoO4
.2H2O   1.6  1  1  10.33  1.03 
MnSO4
.H2O   200  100  100  118.34  99.99 
Zn(NO3)2
.6H20   57.2  -  -  -  - 
ZnSO4 7H2O  -  30  30  30.6  8.94 
NiSO4 6H2O  -  -  -  -  - 
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ABSTRACT 
 
Initiation of shoot cultures is difficult in many woody plants due to internal microbial 
contaminants and general lack of juvenility material from the mother plants. Hazelnuts (Corylus 
avellana L.) are generally difficult to initiate into culture for these same reasons. This study was 
designed to determine the effect of nodal position and collection techniques on the viability and 
contamination of shoot explants.  In addition,  we identified culturable  bacteria sampled from 
surface sterilized  explants.  Explants were collected from scion wood grafted onto seedling 
rootstocks and grown in the greenhouse. Single-node explants were collected and node location 
documented.  After surface sterilizations explants were held in liquid contaminant-detection 
medium  for one week and  the effect on explant viability was evaluated. Node position was 
important for obtaining viable contaminant-free explants. Bacterial contamination increased with 
the distance from the shoot tip. The use of liquid detection medium as a part of the initiation 
procedure did not affect viability. Pure bacterial cultures of explant contaminants Brevundimonas 
vesicularis, Brevundimonas sp., Pseudomonas sp., was identified through 16S ribosomal DNA 
sequences and API
® tests. The best procedure for collecting axenic, viable hazelnut explants was 
to collect from the first three apical  nodes of actively-growing greenhouse  plants  and use 
indexing techniques to identify contaminant-free cultures at initiation. 
 
 
Introduction 
 
Initiation of actively growing and contaminant-free plants into culture is important for 
successful  micropropagation  (Debergh, 1988;  Von Aderkas and Bonga, 2000).  Grafted trees 
grown in the greenhouse were shown to be the most successful form of explant, producing more 
active growth, viability, and reduced contamination of hazelnut plants (Messeguer and Mele, 
1983; Yu and Reed, 1995). This was confirmed by Bacchetta et al. (2008). Hazelnut mother 
plants grown in protected greenhouse are also less contaminated by pathogens (Messeguer and 
Mele, 1983;  Yu and Reed, 1995).  Yu and Reed (1995)  found that the most viable explants 
(‘Barcelona’ and ‘Gassaway’) when compared to field and forced plants were nodal axillary 
segments of grafted greenhouse-grown plants in March, May or July or suckers of field-grown 
trees in July (46%-80% successful shoots). Perez et al. (1987) used lateral buds taken from 1 year 
old greenhouse-grown ‘Negret’ and achieved 70% successfully growing explant shoots. The 
effects of node location also affect in vitro establishment.  Sampling explants close to the apical 
meristem produced more viable shoots than from distal nodes from hazelnuts (Yu and Reed, 71 
 
` 
1995), Rosa spp. (Hsia and Korban, 1996), Azadirachta indica (Arora et al., 2010), and Viburnum 
tinus (Nobre et al., 2000). 
Care of the  mother plant is very important in limiting both fungal and bacterial 
contamination. Healthy, fast growing plants in a sheltered environment are less likely to harbor 
bacteria or fungal spores  (Yu and Reed, 1995).  Woody plants in the field may be heavily 
contaminated with fungal spores and often contain  internal bacteria depending  on the 
environment and the season (Yu and Reed 1995).  Messeguer and Mele (1983)  found 
contamination of explants varied with the seasons, ranging from 35-38%. Bacterial contamination 
can be a serious threat to in vitro plants, reducing viability both at explant and later in the culture 
cycle (Cassells, 1991; Debergh and Vanderschaeghe, 1988; Leifert and Cassells, 2001). Bacteria 
survive even  after  standard surface-sterilization procedures, often as internal contaminants 
present in the vascular system or in intercellular spaces (Buckley et al. 1995). Reed et al. (1998) 
identified several internal bacterial contaminants from long-term hazelnut shoot cultures.  
Explants are often indexed  for microbial contamination during or following in vitro 
establishment. Once established in vitro, samples of the explants can be screened for microbial 
contaminants using nutrient broth or agar (NA). Pre-screening can be done before establishment 
using liquid-index medium where shoots are submerged in half-strength MS basal-salts medium 
for one week (Reed and Tanprasert, 1995). Species of plants respond differently to liquid index 
medium; mint plants survived well (Buckley et al., 1995; Reed et al., 1995), while strawberry 
shoot tips died when completely submerged in the medium for one week (Tanprasert and Reed, 
1997).  
The identity of the bacteria isolated from explants can provide information on how to 
avoid or eliminate contaminants from cultures. Earlier studies using traditional microbiological 
tests required extensive testing to determine bacterial identities (Buckley et al., 1995). Molecular 
techniques are  now readily  available  and bacterial  DNA can be used for analysis  and 
identification  without the need for extensive metabolic tests  (Kuklinsky-Sobral et al., 2004; 
Reinhold-Hurek and Hurek, 1998; Rosenblueth and Martínez-Romero, 2006).  
The objective of this study was to investigate the influence of collect on technique and 
nodal position on explant viability and on microbial contamination of surfaced-sterilized explants. 
We also investigated the effect of liquid index medium on explant viability and identified some 
common contaminants of hazelnut explants.  72 
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Materials and Methods 
PLANT MATERIALS.  C. avellana  ‘Theta’,  OSU 1180.036,  and ‘Zeta’ were used for 
initiation studies for the 2010-11 growing seasons. Hazelnut selections OSU 880.027, ‘Wepster’ 
(OSU 894.030), and OSU 918.045 were sampled for the indexing study in 2012. Plants of each 
genotype from grafted or layered plants were grown in 2 gallon pots in the greenhouse under 
natural light (Fig. 4.1A). Dormant plants were cut to 1 or 2 branches at a height of 1 meter. Plants 
were fertilized weekly during the growing season  with 20N-20P-20K  at  1000 ppm  (Jack’s 
Professional, J.R Peters Inc., Allentown, PA.).  
COLLECTION AND SURFACE STERILIZATION. All leaves and excess plant material were 
removed from the explants and they were cut into 4 to 5 cm single node sections. Collecting tools 
were dipped in 20% bleach (Clorox, The Clorox Company Oakland, CA; 6.0% active chlorine) 
and distilled water between each cut. Explant node, branch, and plant number were documented 
throughout the process of establishment. Explants were surface sterilized for 10 min in 10% 
bleach (Clorox, The Clorox Company Oakland, CA; 6.0% active chlorine) with 4 drops per L of 
Tween 20 polysorbate (Sigma Aldrich, St. Louis, MO). Explants were then rinsed twice in sterile 
water and placed into 100 x 15  mm glass test tubes of one-half strength liquid medium 
(Murashige and Skoog, 1962), pH 6.9 to detect culturable microorganisms (Reed et al., 1995). 
Explants were grown in the detection medium for 1 week then non-contaminated shoots were 
transferred to tube of solid medium. 
CULTURE MEDIUM AND GROWTH CONDITIONS. Explants were grown on NCGR-COR 
medium (Yu and Reed, 1995): DKW medium salts (Driver and Kuniyuki, 1984) with: 30 g·L
-1 
glucose, 200 mg·L
-1 sequestrene 138 Fe, 2 mg·L
-1 thiamine, 2 mg l
-1 nicotinic acid, 2 mg·L
-1 
glycine, 1 g·L
-1 myo-inositol, 22.2 μM BA, 0.049 μM indole-3-butyric acid (IBA) and 0.5% (w/v) 
agar. Medium (5 ml) was dispensed into 100 x 15 mm glass tubes and autoclaved at 121°C for 20 
min. Shoots were transferred to 150 x 20 mm tubes (10 ml medium) after 4 weeks and then 
transferred again after 4 weeks for a total of 13 weeks. The average illumination measured at the 
top of the vessels was 70-90 µmol∙m
2s
-1 with a 16-h photoperiod of half warm-white and half 
cool-white fluorescent illumination. Only the shoots without obvious  contamination were 
transferred and each shoot was indexed on nutrient agar (NA) plates composed of 0.8% Nutrient 
Broth (Difco Nutrient Broth, Becton Dickinson, USA) with 0.8% agar, and 1% glucose in 9-cm 
petri dishes. All culturable bacterial contaminants were isolated and characterized. 
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INFLUENCE OF COLLECTING TECHNIQUE AND NODE POSITION. Collection and sample 
processes varied as noted below. Explants were collected from five branches for each genotype, 
from nodes 1 to 6, where the first node location was closest to the apical meristem (Fig. 4.1B). 
Upon each transfer, the quality of the explant and any contamination were recorded. Explants 
were categorized as: alive (healthy contaminant free-growing shoots), contaminated (bacteria or 
fungi), and non-viable (no detectable shoot growth and contaminant free). Final data was 
recorded at 13 weeks after explanting (Fig 4.1C). 
Grouped explants: Explants were collected on June 16, 18 and 21, 2010. All explants 
from each node position were grouped in 250 ml beakers  for processing. The beakers were 
covered with cheese cloth and placed under running tap water for 10 min, then surface sterilized 
and rinsed in the same beakers.   
Separate explants:  Explants were collected on April 26, 27 and June 1, 2011. All 
explants were collected, surface sterilized and rinsed in individual small test tubes (100 mm x 16 
mm).  
 
EFFECT OF BACTERIAL INDEXING ON EXPLANT VIABILITY. Explants were collected on 
May 23
 and June 29,
 2012. Single node sections were placed into individual 150 mm x 20 mm 
test tubes of distilled water with four drops per L of Tween 20. Individual explant tubes were 
shaken with a vortex mixer for 3s, the solution was decanted and explants surfaced sterilized in 
the individual tubes at 22ºC. Explants were vortexed again for 3s while in the first rinse. Explants 
were  divided into  three liquid detection-medium duration groups  of  0, 5 or 7 days  with six 
explants from each node in each treatment. After the required duration in detection medium, the 
explants were initially transferred to 100 x 15 mm glass tubes of NCGR-COR medium. Shoots 
were transferred to 150 mm x 20 mm tubes each 4 weeks for a total of 13 weeks. Upon each 
transfer, each shoot was indexed on NA medium and the viability status of the explant and any 
contamination were recorded.  
 
EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS. Explant collection was set up as 
a randomized design  for each time period.  Because the three collection  periods showed no 
significant differences and the genotype effects were not significant, the data were pooled for 
final analysis using SAS (SAS Institute Inc., Cary, NC. USA).  Paired T tests were used to 
determine significant differences between means. 
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BACTERIAL IDENTIFICATION.  
Molecular:    Bacteria  were isolated  from  samples collected during the 2010 explant 
study. Contaminants were sampled with a sterile loop and placed in 5 ml nutrient broth and also 
plated on NA plates. Single colony bacterial isolates were re-plated two to three times on new NA 
plates. Isolated bacterial colonies were grouped based on morphological characteristics. Bacteria 
from each morphological group were identified using 16S rDNA sequences. Polymerase chain 
reaction (PCR) was done for each these  bacteria.  The bacteria were  picked up using sterile 
toothpicks and  placed  into  PCR  tubes  containing  200  μl  of  sterile  water.  Tubes were pulse 
vortexed and spun in a centrifuge at 1400 RPMs for 1 min. Excess liquid was removed from the 
supernatant and 25 µl of lysis solution (1 ml sterile milliQ water, 10 μl 5M NaOH, 25 µl 10% 
SDS) was added. The supernatant was boiled at 100ºC for 10 minutes using a thermocycler and 
175 µl of sterile milliQ water was added to produce a PCR template. Then 22 µl of a PCR 
mastermix composed of 15.5 µl water, 0.5 µl of KOD polymerase, 2.5 µl of 10x buffer, 1.5 µl of 
25mM magnesium sulfate, 2.5 µl of 2 mM dNTP, and 0.75 µl of 10 µM primers specific for 16S 
rDNA (16S forward: 5'-AGAGTTTGATCCTGGCTCAG-3'  16S  reverse:  5'- 
ACGGCTACCTTG TTACGACTT-3' (Weisburg et al., 1991) was added to 3 µl of the PCR 
template. PCR reactions were done with a thermocycler using the following conditions: one cycle 
of 95ºC for two min, 29 cycles of 95ºC for 20 s, 55ºC for 20 s, and 68ºC for 20 s, and then a final 
cycle at 68ºC for 5 min. For PCR, 3 µl of PCR product was visualized on a 0.8% agarose gel and 
stained with 2 µl of ethidium bromide. Sequencing of the isolated DNA was done by the Center 
for Genome Research and Biocomputing at Oregon State University. A consensus sequence was 
developed from aligning the forward and reverse nucleotide sequence for each bacteria isolate 
using the program BioEdit Sequence Editor version 7.2.0 (Hall, 1999).  The consensus sequences 
samples were compared with NCBI GenBank by using the BLAST database search site 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) for similarities.  
 
API
® Tests: Bacterial cultures were transferred to NA plates and incubated at 30℃ for 
18-24 h before use for diagnostic tests. Gram stain and oxidase test were performed according to 
the methods described by Goldman and Green (2009). The API
® 20NE (bioMerieux, Durham NC 
USA)  for  non-enteric Gram-negative bacteria  identification system  was  used. The tip of a 
disposable pipette was used to pick up a small portion of a colony of bacteria to inoculate 2 ml of 
0.85% saline. This suspension was adjusted to 0.5 McFarland and used to fill the first five test 
cupules (NO3 to PNPG). A 200µl sample of the remaining suspension was then added to API 
AUX medium, and this mixed medium was used to inoculate the rest of the test (GLU to PAC). 75 
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Mineral oil was added to the glucose fermentation tube, arginine dihydrase, and urease cupules to 
cover the openings. API strips were placed in the plastic box and incubated for 24 to 48 hr. at 
22ºC. After the first 24 hours, the NO3 test and TRP test were performed. Nitrate reagent A, B, 
and zinc powder were used for the reduction of nitrate test, and Kovacs solution was used to 
detect indole production in the TRP test. All the other test results were obtained after 48 hours of 
incubation.  
 
Results 
INFLUENCE OF COLLECTION METHOD AND  NODE POSITION. The node position was 
significant for both viability and contamination. (p<0.003). There were no significant differences 
among the collection dates for each of the techniques, so the data was pooled for presentation 
(Fig. 4.2). There were significant differences between the collection techniques for viability at 
nodes two and three where the separate collection technique was best (p<0.005). Contamination 
was significantly different only at node 6 where the grouping technique had more contaminated 
explants (P<0.02).  Viability was highest for the first three nodes for the separate explants and the 
first two for the grouped explants (Fig. 4.2A). There were differences with technique depending 
on the node, but the overall trend was a decrease in viability with an increasing distance from the 
shoot apex.  
1.  Grouped explants:  Only 9% of explants  were viable and free of culturable 
contaminants and 34% were not contaminated but did not grow. Most of the contamination was 
bacterial, however 13% of total shoots were contaminated by fungi (data not shown). The basal 
nodes were less viable and more contaminated than the upper nodes (Fig. 4.2). Examination at the 
individual node level showed that most clean viable shoots were found at node one (18%) and 
node two (27%). The most contamination occurred at node six where most were contaminated 
and none were viable.  
2. Separate explants: Shoots from 28% of the explants were alive and viable. Fungi 
were the largest cause for loss of explants (42%) (Data not shown). Non-viable shoots accounted 
for 29% and bacterial contamination affected only 1%. The more basal nodes had fewer viable 
clean shoots and contamination increased with distance from the shoot tip (Fig. 4.2). Non-viable 
shoots ranged from 24% to 36% at the different mode locations (Fig. 4.2).  
INFLUENCE OF LIQUID INDEX MEDIUM ON SURVIVAL OF EXPLANTS. There were no 
significance differences in viability of explants for duration of exposure to detection medium 76 
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among the three treatments (data not shown). The 7-day treatment was useful for contaminant 
indexing and did not harm the plants. 
BACTERIAL IDENTIFICATION. Colonies were grouped into eight morphological groups 
based on shape, color and other colony characteristics (Table 4.1). Colony colors ranged from 
bright orange, light orange, dark yellow, light yellow and cream on NA medium (Fig. 4.3).  
Molecular: Eight samples were identified using consensus sequences of the 16S rDNA 
selections (Table 4.1).  The 16S rDNA sequences for the eight bacteria are shown in Appendix C. 
From the NCBI BLAST data base the top 10 hits for each bacterium are given in Appendix D.  
Results of the BLAST outputs showed  that  six bacteria had  99%  maximum identity-similar 
nucleotide sequences as Brevundimonas sp.  Bacterium 4.02, 12.01, 14.01, and 15.01 came up 
with the same BLAST output suggesting as Brevundimonas sp.  Closer BLAST examination 
showed that some of the bacterium 1.01 and 6.01 were likely Brevundimonas vesicularis. BLAST 
results suggested bacterium ID 7.01 and 10.01 to be Pseudomonas sp. (Appendix D).    
API tests: Two bacterial cultures (ID 1.01 and 14.01) were tested by the API system and 
confirmed as Brevundimonas vesicularis. The only differences observed in bacterium 1.01 and 
bacterium 14.01 was  the  colony  color  and oxidase tests results  (Table  4.2).  Bacterium  1.01 
showed carotenoid pigmentation (orange colonies; Fig. 4.3A) and a weak positive reaction to 
oxidase; Bacterium 14.01 had no carotenoid pigmentation (cream colonies; Fig. 4.3B) and a solid 
positive reaction to oxidase. Bacterium 14.01 had the same BLAST output as bacterium 4.02, 
12.01 and 15.01 which suggests that all of these isolates could be Brevundimonas vesicularis. 
  
Discussion 
The initiation of viable and contamination-free explants is important for establishing 
healthy cultures of any plant. In hazelnut, contamination and viability are both issues that reduce 
the number of shoots that develop and can be micropropagated. This study focused on the nodal 
location of explants as important in both the viability and level of contamination in the cultured 
explants. Every laboratory has different protocols and techniques for initiation of cultures, so it is 
difficult to directly compare results. Field plants are sometimes used as an explant source, but 
often forced shoots are grown in protected conditions to reduce fungal  contaminants.  We 
followed the techniques of earlier studies that employed greenhouse-grown plants to protect from 77 
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contaminants, and grafted shoots on seedling rootstocks to improve juvenility (Yu and Reed, 
1995).  
We found that nodal position  had a significant  influence  on the success of  explant 
establishment  of  C.  avellana.  For both techniques used for sampling,  the viability was 
significantly higher for the first two or three nodes compared to more basal positions (Fig. 4.2). 
Other studies documented that nodal position influences explant in vitro establishment. Hsia and 
Korban (1996), found that Rosa spp. explants closer to the apex produced the most shoots per 
explant. They sampled nodes one through six and found that node two produced the highest 
number of shoots per explant; sampling further from the apical produced taller shoots with larger 
leaves per explant. Size, diameter and length of Rosa spp. segments influenced in vitro success 
and nodal segments with large diameter and longer internodes (1.5cm) did better regardless of the 
nodal position. They suggested that the large explants might culture better due to better nutrient 
translocation from mother plant to tissue culture. Arora et al. (2010) found explants of a 40-year-
old Azadirachta indica (Neem tree) had maximum bud break (78.6-81%) at the 3
rd or 4
th node 
from the apex. They concluded that larger size and thickness of nodal stem segments improved 
explant  survival and proliferation.  Yu and Reed (1995)  found that the shoot tips of various 
Corylus avellana cultivars were not viable for establishment but that lower nodes were. Journal of 
the Japanese Society for Horticultural ScienceDouglas et al. (1989) also reported that longer stem 
segments (>2 cm) of mini roses improve shoot proliferation. In our study hazelnut explants were 
cut to 4-5cm, in general the diameter of the explant increased further down the branch, and 
contamination increased.  It is difficult to correlate  C.  avellana  diameter of branch to viable 
explant shoot growth because contamination is such a large factor.  
Moura et al. (2009) studying the micropropagation of Viburnum treleasei found explants 
sampled as shoot tips had the lowest contamination compared to single-node segments or isolated 
meristems.  Shoot tips  of  Viburnum tinus  were less contaminated than single nodal cuttings 
(Nobre et al., 2000). Our data agree with these studies, the first two to three nodes had low 
contamination  and  nodes  four to six  had  significantly  higher  contamination.  The collecting 
techniques did not differ in contamination for any node except for the sixth (Fig. 4.2). 
Low viability of explants is a problem for many woody plants (Ercisli et al., 2000; Yu 
and Reed, 1995). Besides the effects of node and collection techniques on explant viability as 
seen in this study (Fig. 4.2) other factors must be involved. Tests with various surface sterilization 
techniques show that excessive exposure to bleach affects explant viability, but those with higher 78 
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viability were often contaminated (Kitamura et al., 2008). Due to high endogenous contamination 
in hazelnut explants, indexing for contaminants is important and is another stress that might 
reduce viable explants.  Our study failed to see any effect of exposure to indexing medium prior 
to growth on normal medium (data not shown).  One factor not studied was the initiation medium 
(Mohammed and Dunstan, 1986).  Use of sub-optimal growth media may reduce the growth of 
explants (Bacchetta et al., 2008; Nas and Read, 2004). It is very likely that growth medium that is 
optimal for promoting growth and an improved medium could greatly improve viability. This was 
shown for Pyrus where improved growth medium increase initiation success from 43% to 82% 
(Reed and DeNoma, 2011). 
For a  micropropagation  system to be successful,  clean initiation of explants and 
maintenance of clean cultures is important  this process can be improved if the type of 
contaminant is known. Kitamura et al. (2008) used molecular techniques (16S rDNA) to identify 
the bacterial flora on  Hydrangea  shoot  tips.  They identified 12 bacterial species  including 
Pseudomonas sp. This information was used to develop a more effective protocol for sterilizing 
Hydrangea shoot tips that included a 30 min 0.05% available chlorine concentration sterilization 
solution.  The number of uncontaminated viable hydrangea  explants ranged from 0-95% 
depending on cultivar. Our procedure used 0.06% available chlorine with a surfactant for 10 
minutes this may not be optimum, however the low number of viable shoots might be further 
reduced by longer exposure to bleach.  Earlier studies of hazelnut cultures used traditional 
bacteriological tests to determine the genus and species of contaminants. Some of the bacteria 
found in hazelnut cultures  are  Agrobacterium radiobacter  B,  Pseudomonas fluorescens, 
Xanthomonas spp., Enterobacter asburiae, Flavobacterium spp., and Alcaligenes spp. (Reed et 
al., 1998). The organisms ranged from white and beige to yellow, and pink to red. We found 
bacterial contaminants that were white, beige, light and deep orange (Table 4.1). Our molecular 
analysis identified two major groups, Brevundimonas with two color forms, and two species of 
Pseudomonas.  Brevundimonas  was formerly classified as Pseudomonas  and both groups are 
common on plants and in soil (Krieg and Holt, 1984). 
Detection of contaminants at the explant stage is critical for producing clean cultures. 
Influence of index medium on survival of explants are different among plant species (Tanprasert 
and Reed, 1997). Strawberries responded poorly to being completely submerged in index medium 
(Tanprasert and Reed, 1997), while mint can be totally submerged (Reed et al., 1995). Our results 
showed that C. avellana can be completely submerged in index medium for up to seven days 
without harming explant shoot growth. With higher pH and nutrient content the index medium is 79 
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favorable to growth of contaminants, and is easy to visually inspect without causing harm to the 
explant. 
 
Conclusion 
The present study demonstrated that the choice of nodes used as explants can influence 
propagation success and contamination rates while the collection technique was less important. 
The best procedure for collecting viable axenic hazelnut explants was to collect from the first 
three nodes of fast-growing greenhouse plants and use indexing techniques to identify 
contaminated cultures.  Molecular techniques in combination with traditional techniques are 
helpful to identify some of the bacterial flora living within C. avellana tissue. Despite reducing 
the contamination rates, low viability remains an important issue with hazelnut explants. 
Collection techniques were significantly different in viability success or contamination rates only 
at certain nodes.  Low viability of explants may be due to nutritional deficiencies and could 
possibly be reduced by improving the growth medium. Additional initiation studies on improved 
growth medium may increase the viability of non-contaminated explants.  
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Figure 4.1 Plant material used in initiation studies. A) Two year old Corylus mother plants. B) 
Explants were sampled from nodes 1 to 6 starting below the apical meristem. C) Explants on 
solid NCGR COR medium after thirteen weeks. 83 
 
 
 
 
Figure 4.2. Collection method and node effects on explant viability and contamination.  (A) 
status after 13 weeks growth of viable and (B) contaminated hazelnut explants sampled by two 
techniques from six branch locations. Node one was closest to the apical meristem. n=45 at each 
node.  Means followed by the same letter for a treatment are not significantly different at p<0.05.  
Nodes location with * are significantly different between grouped and separated techniques. 
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Figure 4.3.  Bacteria identified from hazelnut explants. (A) Orange-colored bacteria (ID: 1.01) 
Brevundimonas sp, (B) Cream-colored bacteria (ID: 15.01) Brevundimonas sp.  (C) Light-orange 
colored bacteria (ID: 7.01) Pseudomonas sp. (D) Cream-colored bacteria (ID: 10.01) 
Pseudomonas sp.  All bacteria were grown on nutrient agar plates. 85 
 
 
Table 4.1. Bacterial colony ID, morphology and identity of colonies isolated from hazelnut cultures.  Results are the alignment of 16S 
rDNA sequences of the bacteria to the closest sequences in Genbank BLAST. API® test done on bacterium 1.01and 14.01 for further 
identification. 
ID   Shape  Elevation  Edge  Color 
Closest Organism  in 
Gen Bank 
 
 
API® Test 
1.01  Circular  Convex  Entire  Orange  Brevundimonas sp. 
Brevundimonas 
vesicularis 
4.02  Circular  Convex  Entire  Orange  Brevundimonas sp.  - 
6.01  Circular  Convex  Entire 
Lt 
Orange  Brevundimonas sp. 
- 
7.01  Irregular   Irregular  Undulate 
Lt 
Orange  Pseudomonas sp. 
- 
10.01  Irregular  Raised  Undulate  Yellow  Pseudomonas sp.    - 
12.01  Circular  Convex  Entire  Yellow  Brevundimonas sp  - 
14.01  Circular  Convex  Entire  Cream  Brevundimonas sp. 
Brevundimonas 
vesicularis 
15.01  Circular  Raised  Entire  Cream  Brevundimonas sp.  - 86 
 
 
Table 4.2. Identifying characteristics of Brevundimonas spp. (Colony ID: 1.01, 14.01) from API 
2ONE identification system and a description of the species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    w – weakly positive 
 
 
 
 
Characteristics  1.01  14.01 
Brevundimonas 
vesicularis 
Segers et al 
1994 
Morphology:  Color of  colonies  Orange  Cream  Yellow or 
Orange 
  Cell Shape  rod  rod             rod 
  Gram stain  -  -  - 
API 20NE         
Reduction of:  NO3  →  NO2  -  -   
  NO3  → N2  +  +   
Production 
of:  Indole  -  -   
Fermentation 
of:  D-Glucose  -  -   
Enzyme 
Activity:  Arginine Dihydrase  -  -   
  Urease  -  -   
  Esculin Hydrolysis  +  -   
  Gelatin Hydrolysis  -  -   
  β-galactosidase  -  -  - 
  Oxidase (addition to API)  w  +   
Assimilation 
of:  D-Glucose  +  +  + 
  L-Arabinose  -  -  - 
  D-Mannose  -  -  - 
  D-Mannitol  -  -   
  N-Acetyl-Glucosamine  -  -   
  D-Maltose  +  +  + 
  Pottassium Gluconate  -  -   
  Capric acid  +  +   
  Malic acid  +  +   
  Trisodium citrate  -  -   
  Phenylacetic acid  -  -   
         87 
 
Chapter 5 
SUMMARY 
Corylus avellana L. is a global commodity and a valuable crop for the Pacific Northwest 
which produces about 99% the hazelnuts in the United States. Over the years, a tremendous 
amount of work has been put into developing healthy, disease free,  high yielding, and tasty 
hazelnuts for the in-shell and confectionary markets. Clonal propagation is required to provide 
nursery trees of  improved hazelnut cultivars and the rapid multiplication provided by 
micropropagation methods is important to meeting the demand. Hazelnuts are micropropagated, 
but there is wide variation in growth response among cultivars. The studies described in this 
thesis were designed to improve the mineral nutrients in the growth medium and determine better 
culture initiation procedures. 
There is a need in the micropropagation industry for a practical procedure for the 
development of specific micropropagation  medium formulations for new crops. Media 
development has typically involved testing existing formulations to find one that provides 
adequate growth  and development. The response surface  design used in these studies  is a 
systematic approach for determining the mineral nutrient factors that influence the growth of 
hazelnut shoots. Plant quality rating, a response that encompasses leaf factors, multiplication, 
shoot length and physiological abnormalities, was an important indicator of plant health, and 
could be manipulated through changes in the mineral nutrients. The overall response of these 
cultivars to increased concentrations of Ca(NO3)2, mesos and minors as well as variable N ratios, 
indicated that DKW was not an optimal medium for any of the five cultivars tested. The number 
of nutrient interactions observed in this study indicates the complexity involved in determining an 
optimal nutrient medium. C. avellana cultivar response to mineral nutrients varied somewhat, 
however, new media formulations will require higher Ca(NO3)2, mesos and minors with options 
for changing the NH4NO3 to Ca(NO3)2 ratios.  
Further study indicated that minor nutrient interactions were common in DKW medium 
and significantly affected the growth of hazelnut shoot cultures. Changing the mineral nutrients in 
growth media is a tedious process, mostly due to these interactions. In addition, the contribution 
of agar to minor nutrient composition of growth media further complicated the issue. The diverse 
response of these three genotypes confirms that nutrient uptake or utilization varies based on 
genotype. Improved growth and shoot quality in ‘Dorris’ and ‘Jefferson’ with standard DKW 
macro nutrients required increased B, Mo and Zn with low Mn and Cu; ‘Sacajawea’ required 88 
 
increased B, Cu, Zn and Ni with low Mo for the best growth. These minor nutrient requirements 
will be incorporated into suggestions for several improved hazelnut growth media for use with 
diverse hazelnut cultivars. 
When focusing on the initiation of hazelnut explants we confirmed that the choice of 
nodes used as explants can significantly influence propagation success and contamination rates 
while the collection technique was less important. The best procedure for preparing viable axenic 
hazelnut explants was to collect from the first three nodes of fast-growing greenhouse plants and 
use indexing techniques to identify contaminated cultures. Molecular techniques in combination 
with traditional techniques are helpful to identify some of the bacterial flora living within C. 
avellana tissues. Despite reducing the contamination rates, low viability remains an important 
issue with hazelnut explants. Collection techniques were significantly different in viability 
success or contamination rates only at certain nodes. The general low viability of explants may be 
due to nutritional deficiencies and could possibly be reduced by improving the growth medium. 
Additional initiation studies on improved growth medium are needed to determine if that would 
increase the viability of non-contaminated explants. 
As a result of these studies some suggested growth media formulations are now available 
that are likely to produce improved hazelnut shoot quality, multiplication and elongation (Table 
5.1). Hazelnut A or B macro nutrients are likely to be suitable for many genotypes and will be 
much improved compared to the NCGR-COR formulation of DKW.  Three minor nutrient 
combinations can  be tested with varied genotypes.  Minor 1 should be suitable for many 
genotypes; Minors formulations 2 and 3 with added Ni may be better for cultivars such as 
‘Dorris’ and ‘Sacajawea’; these might also be suitable for other genotypes that do not grow well 
on the Minor 1 formulation. Although improved, these new formulations are not fully tested and 
optimization is needed for mesos and N sources. In addition we confirmed that contamination and 
viability are connected to explant location and that collecting from the first few nodes produces 
more  successful hazelnut initiation. These improvements will help for further research on 
hazelnut micropropagation. 
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Table 5.1 Improved hazelnut medium formulations of the macro and meso nutrients based on 
DKW.  
New Hazelnut Medium   DWKx   DWKx 
   Medium A   Medium B  
Macro Nutrients       
NH4NO3   0.5  1 
Ca(NO3)2·4H2O   1.5  1.5 
CaCl2·2H2O   1  1 
Mesos (MgSO4·7H2O  & 
KH2PO4)   1.5  1.5 
K2SO4  1  1 
  
Table 5.2 Improved hazelnut minor nutrients based on DKWx. (1) without Ni, alternative 
formulation specifically for ‘Dorris’ (2), with Ni and ‘Sacajawea’ (3) with Ni.     
Minors 
Nutrients 
(1) General  
No Ni 
(2) With Ni 
 (‘Dorris’) 
(3) With Ni  
(‘Sacajawea’) 
H3BO3  4  0.5  4 
Na2MoO4
.2H2O   4  4  0.5 
Zn(NO3)2
.6H20   4  0.5  4 
MnSO4
.H2O   0.5  2  4 
CuSO4
.5H2O   0.5  0.5  4 
NiSO4 6H2O  0 µM  6µM  6 µM 
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Appendix A. Example of mineral nutrient study (Chapter 2) statisical data output of ‘Dorris’ quality using a quadratic backward 
elimination model. 
 
Dorris Overall Quality 
 
Full Model (coded): 
 
μ{Dorris Quality| A,B,C,D,E}= A+B+C+D+E+AB+AC+AD+AE+BC+BD+BE+CD+CE+DE+A
2+B
2+C
2+D
2+E
2 
 
Factor A = NH4NO3, Factor B= Ca(NO3)2·4H20, Factor C= MgS04·7H2O & KH2P04 , Factor D= K2SO4, Factor E=Minors. 
 
 
 
Backward Elimination Regression with Alpha to Exit = 0.100 
 
Forced Terms    Intercept, Block 1 
            Coefficient             t for H0 
  Removed             Estimate            Coeff=0             Prob > |t|           R-Squared        MSE 
     A2  -3.269E-003  -0.019  0.9853  0.6769  0.13 
     D-K2SO4  -2.165E-003  -0.024  0.9810  0.6769  0.12 
     AD  -7.189E-003  -0.069  0.9458  0.6768  0.12 
     C2  -0.015  -0.10  0.9185  0.6765  0.11 
     AE  -0.014  -0.15  0.8858  0.6761  0.10 
     AC  0.036  0.40  0.6956  0.6733  0.098 
     A-NH4NO3  0.033  0.47  0.6470  0.6696  0.095 
     CD  -0.057  -0.61  0.5503  0.6635  0.092 
     E-Minors  0.049  0.72  0.4787  0.6551  0.090 
     DE  -0.070  -0.84  0.4091  0.6440  0.089 
     E2  0.13  1.05  0.3055  0.6270  0.089 
     D2  -0.13  -1.08  0.2896  0.6088  0.090 
     BD  0.13  1.56  0.1317  0.5708  0.095 
     BC  0.15  1.63  0.1153  0.5270  0.10 
     BE  0.13  1.46  0.1551  0.4895  0.10 
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Appendix A continued 
 
Hierarchical Terms Added after Backward Elimination Regression     A-NH4NO3, E-Minors 
 
ANOVA for Response Surface Reduced Quadratic ModelAnalysis of variance table [Partial sum of squares - Type III] 
    Sum of    Mean                    F           p-value 
     Source                  Squares  df  Square               Value          Prob > F 
   Block                                1.00  1  1.00 
  Model2.86  7  0.41  3.71  0.0065   significant 
      A-NH4NO3  5.893E-003  1  5.893E-003  0.054  0.8189 
      B-Ca(NO3)2x4H20  0.61  1  0.61  5.52  0.0267 
      C-MgS04x7H2O & KH2P04  0.40  1  0.40  3.68  0.0663 
      E-Minors  0.053  1  0.053  0.48   0.4960 
      AB0.56  1  0.56  5.05  0.0333 
      CE0.52  1  0.52  4.73  0.0390 
      B20.34  1  0.34  3.12  0.0889 
  Residual  2.86  26  0.11 
  Lack of Fit  2.17  21  0.10  0.740.7154         not significant 
  Pure Error  0.69  5  0.14 
  Cor Total  6.72  34 
 
   
 
 
 The Model F-value of 3.71 implies the model is significant.  There is only 
  a 0.65% chance that a "Model F-Value" this large could occur due to noise. 
 
  Values of "Prob > F" less than 0.0500 indicate model terms are significant.   
  In this case B, AB, CE are significant model terms.   
  Values greater than 0.1000 indicate the model terms are not significant.   
  If there are many insignificant model terms (not counting those required to support hierarchy),   
  model reduction may improve your model. 
 
  The "Lack of Fit F-value" of 0.74 implies the Lack of Fit is not significant relative to the pure 
  error.  There is a 71.54% chance that a "Lack of Fit F-value" this large could occur due 
  to noise.  Non-significant lack of fit is good -- we want the model to fit. 
 
  Std. Dev.  0.33    R-Squared  0.4998 
  Mean1.71    Adj R-Squared  0.3652 
  C.V. %19.42    Pred R-Squared  0.0641 
  PRESS5.36    Adeq Precision  8.643 
 
  The "Pred R-Squared" of 0.0641 is not as close to the "Adj R-Squared" of 0.3652 as one might 
  normally expect.  This may indicate a large block effect or a possible problem with your model 
  and/or data.  Things to consider are model reduction, response transformation, outliers, etc. 
 
  "Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  Your  
  ratio of 8.643 indicates an adequate signal.  This model can be used to navigate the design space. 99 
 
Appendix A. continued 
 
  Coefficient    Standard  95% CI  95% CI 
  FactorEstimate  df  Error  Low  High  VIF 
   Intercept  1.85  1  0.10  1.64  2.06 
   Block 1  -0.065  1 
   Block 2  0.065 
   A-NH4NO3  0.017  1  0.074  -0.13  0.17  1.04 
   B-Ca(NO3)2x4H20  0.18  1  0.075  0.022  0.33  1.03 
   C-MgS04x7H2O & KH2P04  0.15  1  0.080  -0.011  0.32  1.09 
   E-Minors  0.051  1  0.074  -0.10  0.20  1.04 
   AB-0.20  1  0.090  -0.39  -0.017  1.06 
   CE0.19  1  0.088  0.010  0.37  1.02 
   B2-0.25  1  0.14  -0.55  0.041  1.22 
 
 
   Final Equation in Terms of Coded Factors: 
 
   890 Overall Quality   = 
    +1.85 
   +0.017    * A 
    +0.18    * B 
    +0.15    * C 
   +0.051    * E 
    -0.20    * A * B 
    +0.19    * C * E 
    -0.25    * B2 
 
   Final Equation in Terms of Actual Factors: 
 
   890 Overall Quality   = 
  -0.11717 
  +0.84442    * NH4NO3 
  +3.18695    * Ca(NO3)2x4H20 
  -0.32949    * MgS04x7H2O & KH2P04 
  -0.44224    * Minors 
  -0.81041    * NH4NO3 * Ca(NO3)2x4H20 
  +0.51020    * MgS04x7H2O & KH2P04 * Minors 
  -1.01109    * Ca(NO3)2x4H202 100 
 
Appendix B. Example of minor mineral nutrient study (Chapter 3) statisical data output of ‘Dorris’ quality using a quadratic 
backward elimination model. 
 
Dorris – Quality  
 
Full Model (coded): 
 
μ{Dorris Quality|A,B,C,D,E,F}= 
A+B+C+D+E+F+AB+AC+AD+AE+AF+BC+BD+BE+BF+CD+CE+CF+DE+DF+EF+A
2+B
2+C
2+D
2+E
2+F
2 
 
Factor A= H3BO,  FactorB=CuSO4·5H2O,  Factor C=MnSO4·H2O,  FactorD= Na2MoO4·2H2O,  Factor E= Zn(NO3)2·6H2O  Factor F= NiSO4 
   
Response  1  Dorris - Quality Ni 
    Backward Elimination Regression with Alpha to Exit = 0.100 
 
  Forced Terms    Intercept, Block 1 
 
    Coefficient  t for H0 
  Removed  Estimate  Coeff=0  Prob > |t|  R-Squared  MSE 
     F-NiSO4                     -2.964E-003                  -0.073                            0.9432                            0.8716                            0.032 
     BC  -5.191E-003  -0.11  0.9123  0.8715  0.030 
     E2  -9.052E-003  -0.12  0.9082  0.8714  0.028 
     CF  -0.024  -0.54  0.5994  0.8689  0.027 
     DE  -0.024  -0.59  0.5639  0.8661  0.026 
     AC  -0.028  -0.66  0.5164  0.8626  0.025 
     A2  -0.050  -0.72  0.4808  0.8586  0.024 
     D2  0.060  0.91  0.3755  0.8525  0.024 
     AD  0.037  0.97  0.3430  0.8456  0.024 
     CE  -0.041  -0.99  0.3338  0.8384  0.024 
     BE  -0.039  -1.00  0.3278  0.8310  0.024 
     F2  0.063  1.00  0.3300  0.8237  0.024 
     B2  -0.077  -1.23  0.2318  0.8127  0.025 
     C-MnSO4.H2O  0.048  1.47  0.1545  0.7965  0.026 
     EF  0.062  1.49  0.1485  0.7792  0.027 
     D-Na2MoO4.2H2O  0.047  1.44  0.1617  0.7622  0.028 
     B-CuSO4.5H2O  -0.051  -1.55  0.1335  0.7420  0.029 
     DF  0.070  1.64  0.1126  0.7181  0.031 
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ANOVA for Response Surface Reduced Quadratic Model 
  Analysis of variance table [Partial sum of squares - Type III] 
                               Sum of                                 Mean                                F                             p-value 
  Source                            Squares                                  df                           Square                             Value                         Prob > F 
  Block  0.11  1  0.11 
  Model2.54  13  0.20  6.78  < 0.0001  significant 
      A-H3BO3  0.39  1  0.39  13.55  0.0011 
      B-CuSO4.5H2O  0.085  1  0.085  2.94  0.0982 
      C-MnSO4.H2O  0.050  1  0.050  1.75  0.1980 
      D-Na2MoO4.2H2O  0.042  1  0.042  1.45  0.2400 
      E-Zn(NO3)2.6H2O  0.10  1  0.10  3.58  0.0697 
      F-NiSO4  1.333E-004  1  1.333E-004  4.629E-003  0.9463 
      AB0.41  1  0.41  14.12  0.0009 
      AE0.21  1  0.21  7.15  0.0128 
      AF0.23  1  0.23  8.01  0.0088 
      BD0.73  1  0.73  25.49  < 0.0001 
      BF0.12  1  0.12  4.02  0.0555 
      CD0.35  1  0.35  12.26  0.0017 
      C20.15  1  0.15  5.09  0.0327 
  Residual  0.75  26  0.029 
  Lack of Fit  0.58  21  0.028  0.83  0.6579  not 
significant 
  Pure Error  0.17  5  0.033 
  Cor Total  3.40  40 
 
  The Model F-value of 6.78 implies the model is significant.  There is only 
  a 0.01% chance that a "Model F-Value" this large could occur due to noise. 
 
  Values of "Prob > F" less than 0.0500 indicate model terms are significant.   
  In this case A, AB, AE, AF, BD, CD, C2 are significant model terms.   
  Values greater than 0.1000 indicate the model terms are not significant.   
  If there are many insignificant model terms (not counting those required to support hierarchy),   
  model reduction may improve your model. 
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  Appendix B continued  
 
The "Lack of Fit F-value" of 0.83 implies the Lack of Fit is not significant relative to the pure 
  error.  There is a 65.79% chance that a "Lack of Fit F-value" this large could occur due 
  to noise.  Non-significant lack of fit is good -- we want the model to fit. 
 
 
Std. Dev.0.17    R-Squared  0.7723 
  Mean1.92    Adj R-Squared  0.6585 
  C.V. %8.85    Pred R-Squared  0.3936 
  PRESS1.99    Adeq Precision  10.195 
 
  The "Pred R-Squared" of 0.3936 is not as close to the "Adj R-Squared" of 0.6585 as one might 
  normally expect.  This may indicate a large block effect or a possible problem with your model 
  and/or data.  Things to consider are model reduction, response transformation, outliers, etc. 
 
  "Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  Your  
  ratio of 10.195 indicates an adequate signal.  This model can be used to navigate the design space. 
 
 
    Coefficient      Standard  95% CI  95% CI 
  FactorEstimate  df  Error  Low  High  VIF 
   Intercept  2.02  1  0.053  1.91  2.12 
   Block 1  -0.067  1 
   Block 2  0.067 
   A-H3BO3  0.12  1  0.034  0.055  0.19  1.07 
   B-CuSO4.5H2O  -0.058  1  0.034  -0.13  0.012  1.08 
   C-MnSO4.H2O  0.046  1  0.035  -0.026  0.12  1.06 
   D-Na2MoO4.2H2O  0.041  1  0.034  -0.029  0.11  1.08 
   E-Zn(NO3)2.6H2O  -0.065  1  0.034  -0.14  5.633E-003  1.08 
   F-NiSO4  -2.423E-003  1  0.036  -0.076  0.071  1.10 
   AB0.15  1  0.041  0.070  0.24  1.14 
   AE0.11  1  0.042  0.026  0.20  1.14 
   AF-0.12  1  0.042  -0.21  -0.033  1.13 
   BD-0.20  1  0.040  -0.28  -0.12  1.06 
   BF0.086  1  0.043  -2.162E-003  0.17  1.10 
   CD-0.15  1  0.042  -0.23  -0.061  1.06 
   C2-0.16  1  0.072  -0.31  -0.014  1.27 
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   Final Equation in Terms of Coded Factors: 
 
   Dorris - Quality Ni   = 
    +2.02 
    +0.12    * A 
    -0.058    * B 
   +0.046    * C 
   +0.041    * D 
    -0.065    * E 
  -2.423E-003    * F 
    +0.15    * A * B 
    +0.11    * A * E 
    -0.12    * A * F 
    -0.20    * B * D 
   +0.086    * B * F 
    -0.15    * C * D 
    -0.16    * C2 
 
 
   Final Equation in Terms of Actual Factors: 
 
   Dorris - Quality Ni   = 
  +1.46060 
  -0.057074    * H3BO3 
  -0.048747    * CuSO4.5H2O 
  +0.37294    * MnSO4.H2O 
  +0.27890    * Na2MoO4.2H2O 
  -0.11999    * Zn(NO3)2.6H2O 
  +0.013578    * NiSO4 
  +0.050554    * H3BO3 * CuSO4.5H2O 
  +0.036803    * H3BO3 * Zn(NO3)2.6H2O 
  -0.022755    * H3BO3 * NiSO4 
  -0.065485    * CuSO4.5H2O * Na2MoO4.2H2O 
  +0.016362    * CuSO4.5H2O * NiSO4 
  -0.048105    * MnSO4.H2O * Na2MoO4.2H2O 
  -0.052922    * MnSO4.H2O2 
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Appendix C. Results of the consensus sequences from the forward and reverse 16S rDNA nucleotide sequences for bacterial isolates 1.01, 4.02, 6.01, 
7.01, 10.01, 12.01 and 14.01 from hazelnut explants. 
  
Consensus Sequence ID 1.01 
 
GAAAGCCTGACGCAGCCATGCCGCGTGAATGATGAAGGTCTTAGGRTTGTAAAATTCTTTCACCGGGGACGATAATGACGGTACCCGGA
GAAGAAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGCTCGGAATTACTGGGCGTAAAGGGAGC
GTAGGCGGACATTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCTCGGAATTGCCTTTGATACTGGGTGTCTTGAGTATGAGAGAGGTG
TGTGGAACTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAGGCGACACACTGGCTCATTACTGACGCTG
AGGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGATYGCTAGTTGTCGGGATGCATGCA
TTTCGGTGACGCAGCTAACGCATTAAGCAATCCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCA
CAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCACCTTTTGACATGCCTGGACCGCCAGAGAGATCTGGCTT
TCCCTTCGGGGACTAGGACACAGGTGCTGCATGGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAAC
CCTCGCCATTAGTTGCCATCATTTAGTTGGGAACTCTAATGGGACTGCCGGTGCTAAGCCGGAGGAAGGTGGGGATGACGTCAAGTCCT
CAT 
 
Consensus Sequence ID 4.02 
 
CAAACTCCTACGGGAGGCAGCAGTGGGGAATCTTGCGCAATGGGCGAAAGCCTGACGCAGCCATGCCGCGTGAATGATGAAGGTCTTA
GGRTTGTAAAATTCTTTCACCGGGGACGATAATGACGGTACCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATAC
GAAGGGGGCTAGCGTTGCTCGGAATTACTGGGCGTAAAGGGAGCGTAGGCGGACATTTAAGTCAGGGGTGAAATCCCGGGGCTCAACC
TCGGAATTGCCTTTGATACTGGGTGTCTTGAGTATGAGAGAGGTGTGTGGAACTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAA
GAACACCAGTGGCGAAGGCGACACACTGGCTCATTACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGT
AGTCCACGCCGTAAACGATGATTGCTAGTTGTCGGGATGCATGCATTTCGGTGACGCAGCTAACGCATTAAGCAATCCGCCTGGGGAGT
ACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAAC
CTTACCACCTTTTGACATGCCTGGACCGCCACGGAGACGTGGCTTTCCCTTCGGGGACTAGGACACAGGTGCTGCATGGCTGTCGTCAGC
TCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGCCATTAGTTGCCATCATTTAGTT 
 
Consensus Sequence 6.01 
 
GAACGATTCAGTAGSYGGTCTGAGAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGGTGGGG
AATCTTGCGCAATGGGCGAAAGCCTGACGCAGCCATGCCGCGTGAATGATGAAAGGTCTTAGGRTTGTAAAATTCTTTCACCGGGGACG
ATAATGACGGTACCCGGAGAAGAAGCCCCGGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGCTCGGAATT
ACTGGGCGTAAAGGGAGCGTAGGCGGACATTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCTCGGAATTGCCTTTGATACTGGGTGTC
TTGAGTATGAGAGAGGTGTGTGGAACTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAGGCGACACAC
TGGCTCATTACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGATTGCTA
GTTGTCGGGATGCATGCATTTCGGTGACGCAGCTAACGCATTAAGCAATCCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGA
ATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCACCTTTTGACATGCCTGGACCG
CCAGAGAGATCTGGCTTTCCCTTCGGGGACTAGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCC
CGCAACGAGCGCAACCCTCGCCATTAGTTGCCATCATTTAGTTGGGAACTCTAATGGGACT 105 
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Consensus sequence ID 7.01 
 
ATAAGCACSGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTA
GGTGGTTCAGCAAGTTGGATGTGAAAGCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTACTGAGCTAGAGTACGGTAGAGGGTGG
TGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATACTGACACTGA
GGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGAGA
TCTTAGTGGCGAAGCTAACGCGATAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCA
CAAGCGGTGGAGCATGTGGGTTTAATTCGAAGCAACGCGAAGAACCCTTACCTGGGCCTTGACATGCTGAGAACTTTTCCAGAGATGGG
ATTGGTGCCTTCGGGAACTCAGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGAGCG
CCTTGTCCTTAGTTACCAGCACGTTATGGTGGGCA 
 
Consensus Sequence ID 10.01 
TGATTCCAGCCATGCCGCGTGTGGTGAAGAAGGTCTTCGGATTGTAAAGCACTTWARGTTGGGAGGAAAGGGCAGTTACCTAWTACGT
GATTGTTTTTGACGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCGTTWATCGGA
ATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATTCAAAACTGACT
GACTAGAGTATGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACC
ACCTGGACTGATACTGACACTGAGGTGCGAAMGCKTGGGGAGCAAACAGGATTAGATACCSTGGTAGTCCACGCCGTAMACGATGTCA
ACTAGCCRTTGGGAGCCKTGAGCTSTTAGTGGCGCARCTAACGCAKTRAGTTSACCGCCTGSGGAGWACGGCCGCAAGGTYWRAACTCA
MATGAATTGACGGGSGCCCGCACAAGCCGRKGGAGCAYGTGGTTTAATTCGAAGYAACGCGRAKAACTSYTACCAGGCCTTGACATCY
AATGAACTTTCTAGAGATAGATTGGTTGCCCTTCGAKGAACATTGCAGACACGGTGCTGCATGGCTTGTCGTCAGCATCGAT 
Consensus Sequence ID 12.01 
GTGGGGAATCTTGCGCAATGGGCGAAAGCCTGACCGCMGCCATGCCGCGTGAATGATGAAGGTCTTAGGATTGTAAAATTCTTTCACCG
GGGACGATAATGACGGTACCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGCTCG
GAATTACTGGGCGTAAAGGGAGCGTAGGCGGACATTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCTCGGAATTGCCTTTGATACTGG
GTGTCTTGAGTATGAGAGAGGTGTGTGGAACTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAGGCGA
CACACTGGCTCATTACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAT
TGCTAGTTGTCGGGATGCATGCATTTCGGTGACGCAGCTAACGCATTAAGCAATCCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCA
AAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCACCTTTTGACATGCCTG
GACCGCCACGGAGACGTGGCTTTCCCTTCGGGGACTAGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTT
AAGTCCCGCAACGAGCGCAACCCTCGCCATTAGTTGCC 
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Consensus Sequence ID 14.01 
GATCAGTAAGCTGKTCTGAGAGGATGATCAGCCACATTGGGACTGAGACACGGCCCAAACTCCTACCGGGAGGCAGCAGTGGGGAATC
TTGCGCAATGGGCGAAAGCCTGACGCAGCCATGCCGCGTGAATGATGAAGGTCTTAGGATTGTAAAATTCTTTCACCGGGGACGATAAT
GACGGTACCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGCTCGGAATTACTGGG
CGTAAAGGGAGCGTAGGCGGACATTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCTCGGGAATTGCCTTTGATACTGGGTGTCTTGAG
TATGAGAGAGGTGTGTGGAACTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAGGCGACACACTGGCT
CATTACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGATTGCTAGTTGT
CGGGATGCATGCATTTCGGTGACGCAGCTAACGCATTAAGCAATCCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTG
ACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCACCTTTTGACATGCCTGGACCGCCAC
GGAGACGTGGCTTTCCCTTCGGGGACTAGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGC
AACGAGCGCAACCCTC 
Consensus Sequence ID 15.01 
AGTAAGCTGGTCTGAGAAGGATGATCAGCCMCATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTGGGGRATCTTGC
GCAATGGGCGAAAGCCTGACGCAGCCATGCCGCGTGAATGATGAAAGGTCTTAGGGATTGTAAAATTCTTTCACCGGGGGACGATAAT
GACGGTACCCGGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGCTCGGAATTACTGGG
CGTAAAGGGAGCGTAGGCGGACATTTAAGTCAGGGGTGAAATCCCGGGGCTCAACCTCGGAATTGCCTTTGATACTGGGTGTCTTGAGT
ATGAGAGAGGTGTGTGGAACTCCGAGTGTAGAGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAGGCGACACACTGGCTC
ATTACTGACGCTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGATTGCTAGTTGTC
GGGATGCATGCATTTCGGTGACGCAGCTAACGCATTAAGCAATCCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGAATTGA
CGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCACCTTTTGACATGCCTGGACCGCCACG
GAGACGTGGCTTTCCCTTCGGGGACTAGGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCA
ACGAGCGCAACCCTCGCCATTAGTTGCCATCATTTAGTTG 107 
 
Appendix D. Forward and reverse nucleotide concensus 16S rDNA sequence from bacterial 
isolates were used to search NCBI GenBank BLAST database for similar sequences. Listed are 
the top 10 significant results for each bacterium. 
ID 1.01                
   Identity 
GenBank Accession 
Number 
%  Query 
Coverage 
% Max 
identity   e-value 
1  Breundimonas vesicularis  KC429603.1  100  99  0 
2  Breundimonas sp.  JX026009.1  100  99  0 
3  Brevundimonas vesicularis  JQ689180.1  100  99  0 
4  Breundimonas sp.  JQ074041.1  100  99  0 
5  Breundimonas sp.  JN863428.1  100  99  0 
6  Brevundimonas vesicularis  AB680247.1  100  99  0 
7  Brevundimonas vesicularis  JN650557.1  100  99  0 
8  Brevundimonas vesicularis  JN650557.1  100  99  0 
9  Brevundimonas vesicularis  JF505956.1  100  99  0 
10  Breundimonas sp.  HM352402.1  100  99  0 
ID 6.01                
   Identity 
GenBank Accession 
Number 
%  Query 
Coverage 
% Max 
identity   e-value 
1  Brevundimonas sp.  JX680801.1  99  99  0 
2  Brevundimonas vesicularis  JQ427703.1  99  99  0 
3  Brevundimonas sp.  JQ426579.1  99  99  0 
4  Brevundimonas sp.  JQ689180.1  99  99  0 
5  Brevundimonas vesicularis  JQ074041.1  99  99  0 
6  Brevundimonas vesicularis  JN863528.1  99  99  0 
7  Brevundimonas vesicularis  AB680247.1  99  99  0 
8  Brevundimonas vesicularis  JN650554.1  99  99  0 
9  Brevundimonas vesicularis  JN084130.1  99  99  0 
10  Brevundimonas sp.  JF505937.1  99  99  0 
ID 7.01                
   Identity 
GenBank Accession 
Number 
%  Query 
Coverage 
% Max 
identity   e-value 
1  Pseudomonas alcaligenes  JQ659863.1  100  98  0 
2  Pseudomonas alcaligenes  JQ659855.1  100  98  0 
3  Pseudomonas alcaligenes  JQ659854.1  100  98  0 
4  Pseudomonas alcaligenes  JQ659796.1  100  98  0 
5  Pseudomonas alcaligenes  JQ659771.1  100  98  0 
6  Pseudomonas alcaligenes  KC764976.1  100  98  0 
7  Pseudomonas sp.  JX845722.1  100  98  0 
8  Pseudomonas sp.  JX519117.1  100  98  0 
9  Pseudomonas sp.  AB548850.1  100  98  0 
10  Pseudomonas alcaligenes  GU911426.1  100  98  0 108 
 
Appendix D. continued  
ID 
10.01                
   Identity 
GenBank Accession 
Number 
%  Query 
Coverage 
% Max 
identity   e-value 
1  Pseudomonas sp.  KC195884.1  99  94  0 
2  Pseudomonas sp.  JX067675.1  99  94  0 
3  Pseudomonas sp.  JQ322836.1  99  94  0 
4  Pseudomonas sp.  JN695702.1  99  94  0 
5  Pseudomonas fluorescens  JF706526.1  99  94  0 
6  Pseudomonas trivialis  HQ824913.1  99  94  0 
7  Pseudomonas sp.  JN208182.1  99  94  0 
8  Pseudomonas marginalis  HQ911366.1  99  94  0 
9  Pseudomonas veronii  HQ259709.1  99  94  0 
10  Pseudomonas grimontii  GU357847.1  99  94  0 
ID 4.02, 12.01, 14.01, 15.01             
   Identity 
GenBank Accession 
Number 
%  Query 
Coverage 
% Max 
identity   e-value 
1  Brevundimonas nasdae  KC494331.1  100  99  0 
2  Brevundimonas vesicularis  KC494327.1  100  99  0 
3  Brevundimonas sp.  KC170347.1  100  99  0 
4  Brevundimonas sp.  KC170346.1  100  99  0 
5  Brevundimonas nasdae  KC178596.1  100  99  0 
6  Brevundimonas sp.  JN224963.1  100  99  0 
7  Brevundimonas sp.  JN020670.1  100  99  0 
8  Brevundimonas sp.  JX661060.1  100  99  0 
9  Brevundimonas sp.  JN696614.1  100  99  0 
10  Brevundimonas sp.  JX005879.1  100  99  0 
 
 